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AUTHOE'S    PREFACE. 


The  importance  of  the  study  of  Physics  is  now  generally  acknow- 
ledged. Besides  the  interest  of  curiosity  which  attaches  to  the  obser- 
vation of  nature,  the  experimental  method  furnishes  one  of  the  most 
salutary  exercises  for  the  mind — constituting  in  this  respect  a  fitting 
supplement  to  the  study  of  the  mathematical  sciences.  The  method 
of  deduction  employed  in  these  latter,  while  eminently  adapted  to 
form  the  habit  of  strict  reasoning,  scarcely  affords  any  exercise  for 
the  critical  faculty  which  plays  so  important  a  part  in  the  physical 
sciencea  In  Physics  we  are  called  upon,  not  to  deduce  rigorous  con- 
sequences from  an  absolute  principle,  but  to  ascend  from  the  parti- 
cular consequences  which  alone  are  known  to  the  general  principle 
from  which  they  flow.  In  this  operation  there  is  no  absolutely  cer- 
tain method  of  procedure,  and  even  relative  certainty  can  only  be 
attained  by  a  discussion  which  calls  into  profitable  exercise  all  the 
fiaculties  of  the  mind. 

Be  this  as  it  may,  physical  science  has  now  taken  an  important 
place  in  education,  and  plays  a  prominent  part  in  the  examinations 
for  the  different  university  degrees.  The  present  treatise  is  intended 
for  the  assistance  of  young  men  preparing  for  these  degrees;  but  I 
trust  that  it  may  also  be  read  with  profit  by  those  persons  who, 
merely  for  purposes  of  self-instruction,  wish  to  acquire  accurate 
knowledge  of  natural  phenomena.  Having  for  nearly  twenty  years 
been  charged  with  the  duty  of  teaching  from  the  chair  of  Physics  in 
one  of  the  lyceiuns  of  Paris,  I  have  been  under  the  necessity  of 
making  continual  efforts  to  overcome  the  inherent  difficulties  of  this 
brancli  of  study.  I  have  endeavoured  to  turn  to  account  the  expe- 
rience thus  acquired  in  the  preparation  of  this  volume,  and  I  shall 
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be  happy  if  I  can  thus  contribute  to  advance  the  taste  for  a  science 
which  is  at  once  useful  and  interesting. 

For  the  convenience  of  candidates  for  the  Bachelor's  degree,  I 
have  appended  to  this  treatise  a  number  of  problems,  most  of  which 
have  been  taken  from  the  examinations  of  the  Faculty  of  Sciences  of 
Paris  or  of  the  departments.  With  the  same  view  I  have  made  it 
my  object  to  omit  from  the  work  none  of  the  formulaB  which  are 
usually  required  for  the  solution  of  such  questions.  Beyond  this 
point  I  have  made  very  limited  use  of  algebra.  Though  calculation 
is  a  precious  and  often  indispensable  auxiliary  of  physical  science, 
the  extent  to  which  it  can  be  advantageously  employed  varies  greatly 
according  to  circumstances.  There  are  in  fact  some  phenomena  which 
cannot  be  really  understood  without  having  recourse  to  measurement; 
but  in  a  multitude  of  cases  the  explanation  of  phenomena  can  be 
rendered  evident  without  resorting  to  numerical  expression.  In 
such  cases  calculation  is  of  secondary  importance,  and  may  be  said 
to  be  merely  practical 

The  physical  sciences  have  of  kte  years  received  very  extensive 
developments.  Facts  have  been  multiplied  indefinitely,  and  even 
theories  have  undergone  great  modifications  Hence  arises  consider- 
able difficulty  in  selecting  the  most  essential  points  and  those  which 
best  represent  the  present  state  of  science.  I  have  done  my  best  to 
cope  with  this  difficulty,  and  I  trust  that  the  reader  who  attentively 
peruses  my  work,  will  be  able  to  form  a  pretty  accurate  idea  of  the 
present  position  of  physical  scienca  I  shall  be  happy  in  a  second 
edition  to  avail  myself  of  any  observations  which  may  be  communi- 
cated to  me  on  this  or  any  other  point 


TRANSLATOR'S   PREFACE 


The  "TEArrfi  ELfiMian'AiBE  de  Physique"  of  Professor  Deschanel, 
though  only  published  in  1868,  has  already  obtained  a  high  reputa- 
tion in  France,  and  has  been  adopted  by  the  Minister  of  Instruction 
as  the  text-book  for  Government  Schools. 

I  did  not  consent  to  undertake  the  labour  of  translating  and 
editing  it  till  a  careful  examination  had  convinced  me  that  it 
was  better  adapted  to  the  requirements  of  my  own  class  of 
Experimental  Physics  than  any  other  work  with  which  I  was 
acquainted;  and  in  executing  the  translation  I  have  steadily  kept 
this  use  in  view,  believing  that  I  was  thus  adopting  the  surest 
means  of  meeting  the  wants  of  teachers  generally. 

The  treatise  of  Professor  Deschanel  is  remarkable  for  the  vigour 
of  its  style,  which  specially  commends  it  as  a  book  for  private  read- 
ing. But  its  leading  excellcDce,  as  compared  with  the  best  works  at 
present  in  use,  is  the  thoroughly  rational  character  of  the  information 
which  it  presenta  There  is  great  danger  in  the  present  day  lest 
science-teaching  should  degenerate  into  the  accumulation  of  discon- 
nected facts  and  unexplained  formulae,  which  burden  the  memory 
without  cultivating  the  understanding.  Professor  Deschanel  has 
been  eminently  successful  in  exhibiting  facts  in  their  mutual  connec- 
tion; and  his  applications  of  algebra  are  always  judicious. 

The  peculiarly  vigorous  and  idiomatic  style  of  the  original  would 
be  altogether  unpresentable  in  English;  and  I  have  not  hesitated  in 
numerous  instances  to  sacrifice  exactness  of  translation  to  effective 
rendering,  my  object  being  to  make  the  book  as  useful  as  possible  to 
English  readers.  For  the  same  reason  I  have  not  scrupled  to  suppress 
or  modify  any  statement,  whether  historical  or  philosophical,  which 
I  deemed  erroneous  or  defective.     In  some  instances  I  have  endea- 
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voured  to  simplify  the  reajBonings  by  which  propositions  are  estab- 
lished or  formulae  deduced. 

As  regards  weights  and  measures,  rough  statements  of  quantity 
have  generally  been  expressed  in  British  units;  but  in  many  cases 
the  numerical  values  given  in  the  original,  and  belonging  to  the 
metrical  system,  have  been  retained,  with  or  without  their  English 
equivalents;  as  it  is  desirable  that  all  students  of  science  should 
familiarize  themselves  with  a  system  of  weights  and  measures  which 
affords  peculiar  facilities  for  scientific  calculation,  and  is  extensively 
employed  by  scientific  men  of  all  countriea  For  convenience  of 
reference,  a  complete  table  of  metrical  and  British  equivalents  has 
been  annexed. 

The  additions,  which  have  been  very  extensive,  relate  either  to 
subjects  generally  considered  essential  in  this  country  to  a  treatise 
on  Natural  Philosophy,  or  to  topics  which  have  in  recent  years 
occupied  an  important  place  in  physical  discussions,  though  as  yet 
but  little  known  to  the  general  public. 

The  sections  distinguished  by  a  letter  appended  to  a  number  are 
all  new;  as  also  are  all  foot-notes,  except  those  which  are  signed  with 
the  Author  s  initial  "  D." 

In  many  instances  the  new  matter  is  so  interwoven  with  the  old 
that  it  could  not  conveniently  be  indicated;  and  I  have  aimed  at 
giving  unity  to  the  book  rather  than  at  preserving  careftd  distinctions 
of  authorship. 

Comparison  with  the  original  will  however  be  easy,  as  the  num- 
bering of  the  original  sections  has  been  almost  invariably  followed 

The  chief  additions  in  Part  I.  (Chap.  i.-xviii.)  have  been  under 
the  heads  of  Dynamics,  Capillarity,  and  the  Barometer.  The  chapter 
on  Hydrometers  has  also  been  recast 
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INCHES  AKD  TENTHS. 


TABLE  FOR  THE  CONVERSION  OF  FRENCH  INTO  ENGLISH 

MEASURES. 


1  Millimetre 
1  Centimetre 
1  Decimetre 
1  Metre 
1  Kilometre 


Measubes  of  Length. 

s  -03987079  inch,  or  about  ^V  ^<2^* 

=  -3937079  inch. 

=  3*937079  inches. 

=  89*37079  inches,  or  3*2809  feet  nearly. 

=  39370*79  inches,  or  1093-6  yards  nearly. 


Measures  of  Area. 

1  sq.  millimetre  =  -00155006  sq.  inch. 

1  sq.  centimetre  =  '155006  sq.  inch. 

I  sq.  decimetre  =  15-5006  sq.  inches. 

1  sq.  metre  =  1550-06  sq.  inches,  or  10-7643  sq,  feet. 
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Measubes  of  Volume. 

1  cubic  centunetre     =     '0610271  cubic  inch. 

1  cubic  decimetre       =     61*0271  cubic  inches. 

1  cubic  metre  =     61027*1  cubic  inches,  or  35*3166  cubic  feet. 

The  Litre  (used  for  liquids)  is  the  same  aa  the  cubic  decimetre,  and  is  equal  to  1*76172 
imperial  pint,  or  '220215  gallon. 


Measures  of  Weight  (or  Mass). 


ImilUgramme 
1  centigramme 
1  decigramme 
1  gramme 
1  kilogramme 


-015432349  grain. 

•15432349  grain. 

1*5432349  grain. 

15*432349  grains. 

15432*349  grains,  or  2*20462125  lbs.  avoir. 


Measures  xnyolvino  reference  to  two  units. 


1  gramme  per  sq.  centimetre 
1  kilogramme  per  sq.  metre 
1  kilogramme  per  sq.  millimetre 
1  kilogrammetre 


2 -048098  lbs  per  sq.  foot. 
•2048098   II  II 

204809-8   M  H 

7-23314  foot-pounds. 


1  force  de  cheval  =  75  kilogrammetres  per  second,  or  5424  foot-pounds  per  second 
nearly,  whereas  1  horse- power  (English)  =550  foot-pounds  per  second. 


TABLE  FOR  THE  CONVERSION  OF  ENGLISH  INTO  FRENCH 

MEASURES. 


Measures  of  Length. 

1  inch  =25*39954  millimetres. 
1  foot  ='30479449  metre. 
1  yard  =91 438347  metre. 
1  mile  =1*60932  kilometre. 

Measures  of  Area. 

1  sq.  inch  =645-137  sq.  millimetres. 
1  sq.  foot  ='0928997  sq.  metre. 
1  sq.  yard  =  *8360973  sq.  metre. 
1  sq.  mile  =2*589895  sq.  kilometres. 

Solid  Measures. 

1  cubic  inch  =16386*6  cubic  millimetres. 
1  cubic  foot  =  -0283153  cubic  metre. 
1  cubic  yard  =  '7645131  cubic  metre. 


Measures  of  Capacitt. 

1  pint  =  '6676275  Utre. 
1  gallon  =4-54102  litres. 
1  bushel=36'32816  litres. 


Measures  of  Weight. 


1  grain 
1  oz.  avoir. 
1  lb.  avoir. 
1  ton 


=  *064799  gramme. 

=  28*3496  grammes. 

=  '453593  kilogramme. 

=  1'01605  tonne  =  1016*05  kilos. 


Measures  involving  reference  to 
two  units. 

1  Ib.per  sq.foot  =  4*88261  kilos,  per  sq.  metre. 
1  Ib.per  8q.inch= *0703095  kilos,  per  sq.  cen- 
timetre. 
1  foot-pound     =  -138253  kilogrammetre. 
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ON 
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EBBATA. 

N^p.  134,  line  8  from  bottom,  for  Oeaeva,  rwd  Ghent 

p.  160,  lines  5,  6,  /or  It  has  alao  been  successfoUy  employed  ftt  the  Liverpool  Exchange, 
rtad — The  first  luooessf ul  employment  of  this  kind  of  barograph  appears  to  be  due  to  Mr. 
Alired  King,  a  gas  engineer  of  liyerpool,  who  invented  and  constrooted  saoh  an  instniment 
in  1853,  for  the  nse  of  the  Liverpool  Observatory,  and  subsequently  designed  a  larger  one, 
which  is  still  in  use,  famishing  a  very  perfect  record,  magnified  five-and-a-half  times. 


nection  with  the  causes  which  produce  them.  This  process  of  co- 
ordination is  only  possible  after  a  considerable  collection  of  facts  has 
been  accumulated ;  but  it  then  becomes  inevitable,  from  the  very  cpn- 
stitution  of  the  human  mind.  Thus,  in  examining  the  history  of 
the  nations  among  whom  we  place  the  cradle  of  our  civilization,  we 
find  constant  efforts  of  philosophers  to  explain  the  mechanism  of  the 
external  world, — to  bring  all  the  facts  which  nature  presents  to  us 
under  one  theory^-one  system.  The  Greek  philosophers,  especially, 
who  appear  to  have  borrowed  the  greater  part  of  their  physical  know- 
ledge from  the  Egyptian  priests,  have  left  us  different  systems,  by 
the  aid  of  which  they  profess  to  explain  all  natural  phenomena. 

Thus  Thales^  the  most  celebrated  of  the  seven  wise  men  of  Greece 
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(640  RC),  made  water  a  universal  principle,  which  nourishes 
at  once  the  sun,  the  earth,  and  the  planets.  Plato  (398  B.C.) 
assumed  two  distinct  principles,  matter  and  form,  which  by  their 
combination  give  birth  to  five  elements— earth,  water,  fire,  air,  and 
ether.  According  to  Anaximander,  there  is  but  one  principle,  the 
infinite,  which  gives  birth  to  all  bodies.  According  to  Anaxagoras, 
air  is  the  sovereign  of  nature.  We  need  not  stay  to  examine  the 
exact  meaning  of  these  propositions,  which,  taken  in  their  literal 
sense,  appear  at  the  present  day  sufficiently  unintelligible.  While 
acknowledging  that  these  illustrious  philosophers  knew  and  taught 
some  important  facts  of  general  physics^  we  are  bound  to  remark 
that  in  the  elaboration  of  their  systems  experiment  played  no  part ; 
that  observation  itself  only  held  a  secondary  place;  and  that  their 
theories  were  veritable  d  priori  conceptions,  to  which  facts  had  to 
be  accommodated.  Hence  there  is  nothing  in  their  works  approaching 
the  experimental  method  which  serves  as  the  foundation  of  modem 
physics.  Some  faint  foreshadowings  of  this  method  may  be  traced 
in  the  works  of  Aristotle  (383  Rc),  who  was  a  disciple  of  Plato,  but 
far  superior  to  his  master  in  scientific  genius,  besides  being  an  emi- 
nent naturalist,  and  author  of  a  history  of  animals,  which  alone  would 
constitute  an  imperishable  monument  to  his  memory.  Thus,  to  inves- 
tigate the  weight  of  air,  he  had  recourse  to  a  direct  experiment,  which 
consisted  in  weighing  a  skin  empty  and  inflated.  Finding  no  dif- 
ference in  the  weights,  he  concluded  wrongly  that  air  is  destitute  of 
weight,  and  was  thus  led  in  his  attempts  at  the  explanation  of  certain 
phenomena  to  the  famous  principle  that  nature  abhors  a  vacuum, 
which  was  universally  admitted  down  to  the  time  of  Galileo. 

It  was  especially  in  the  hands  of  Archimedes  (287  B.C.),  and  the 
philosophers  of  the  school  of  Alexandria,  who  may  be  regarded  as 
his  successors, .  that  the  method  of  scientific  observation  took  a 
distinct  form,  and  led  to  important  results.  Every  one  has  heard 
of  the  admirable  discoveries  of  Archimedes  respecting  the  theory 
of  the  lever,  the  determination  of  centres  of  gravity,  and  the  mea- 
surement of  specific  gravities  by  means  of  the  principle  which  bears 
his  name;  discoveries  founded  upon  experiments  which  were  doubt- 
less not  very  accurate,  but  were  regarded  by  him  as  necessary  in 
order  to  furnish  a  solid  basis  for  his  investigations.  After  him 
Hipparchus  (140  RC),  by  means  of  persevering  observations,  meth- 
odicaUy  directed,  changed  the  face  of  astronomy,  and  arrived  at 
brilliant  discoveries,  among  which  the  most  notable  was  that  of  the 
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precession  of  the  equinoxes.  At  a  later  period,  Ctesibius,  Hero, 
Posidonius,  &a,  following  in  the  traces  of  their  illustrious  prede- 
cessors, advanced  the  boundaries  of  the  exact  knowledge  already 
acquired,  and  originated  several  inventions  displaying  more  or  less 
ingenuity.  To  the  first  of  these  philosophers  the  invention  of  pumps 
appears  to  be  due,  and  the  fountain  of  Hero  still  finds  a  place  in 
all  collections  of  physical  apparatus. 

Among  philosophers  belonging  more  or  less  directly  to  the  school 
of  Alexandria^  who  have  enriched  science  by  important  discoveries, 
we  will  only  mention  Plutarch,  who  is  said  to  have  discovered  the 
refraction  of  light  in  its  passage  fi*om  air  into  water ;  and  Ptolemy, 
the  author  of  various  works  on  optics  and  celestial  physics,  which 
constitute  a  better  title  to  glory  than  the  astronomical  system 
which  bears  his  name,  a  system  which  only  served  to  retard  the 
progress  of  science. 

We  will  carry  this  historical  review  no  further,  but  will  content 
ourselves  with  remarking  that,  starting  from  the  seventh  century, 
the  period  of  the  conquest  of  Alexandria  by  the  Arabs,  and  the 
burning  of  its  celebrated  library,  until  the  time  of  Galileo  (1564), 
science  may  be  said  to  have  been  stationary.  Still,  some  discov- 
eries of  importance  belong  to  this  period;  for  example,  that  of  the 
mariner's  compass,  which  was  known  from  the  thirteenth  century. 
Shortly  before  Galileo,  the  thermometer,  the  microscope,  and  tele- 
scope were  invented ;  but  it  is  unquestionably  to  this  distinguished 
philosopher  that  we  owe  the  true  scientific  method — the  method 
of  experiment.  His  treatises  upon  falling  bodies,  the  pendulum,  &c., 
furnish  admirable  examples  of  the  manner  in  which  the  physical 
investigator  should  interrog^  Nature  by  the  aid  of  experiment 
It  was  by  the  introduction  of  this  method  that  physical  science 
became  finally  disentangled  from  the  prejudices  and  d priori  assump- 
tions which  bad  hitherto  impeded  its  progress. 

At  the  present  day,  after  numberless  discoveries  which  have 
introduced  most  material  changes  in  our  social  condition,  physical 
science  has  attained  a  very  high  degree  of  perfection.  It  is  to  the 
experimental  method  that  we  owe  this  result,  and  it  is  by  remain- 
ing true  to  this  method  that  we  must  hope  to  achieve  fresh  progress. 
2.  The  Experimental  Method, — The  experimental  method  can 
easily  be  described  in  general  terms:  it  consists  in  observing  facts 
instead  of  trying  to  divine  them;  in  carefully  examining  what 
reaUy  happens,  and  not  in  reasoning  as  to  what  ought  to  happen. 
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It  is  therefore  entirely  independent  of  metaphysics,  which  has  always 
proved  a  false  ally;  in  fisu^t,  as  long  as  the  dominion  of  metaphysics 
lasted,  science  continued  to  run  in  the  old  ruts,  which  it  did  not 
leave  till,  thanks  to  the  teaching  of  Bacon  and  Galileo,  the  convic- 
tion became  established  that  there  is  no  way  of  airiving  at  physical 
truths  but  by  the  help  of  observation  and  experiment 

The  experimental  method  is  usually  called  by  logicians  the  method 
of  observation  and  iTiduction,  From  the  observation  of  particular 
facts  it  ascends  j)0  the  general  law  which  embraces  them ;  being  very 
different  in  this  respect  from  the  method  of  deduction  employed  in 
mathematics,  in  which  we  always  descend  from  a  certain  and  abso- 
lute principle  to  the  different  consequences  which  flow  from  it  Let 
us  enter  into  some  details  upon  this  point 

8.  Phenomena— Physical  Law. — A  phenomenon  is  any  change  that 
takes  place  in  the  condition  of  a  body;  the  fall  of  a  stone,  the 
flowing  of  water,  the  melting  of  lead,  the  combustion  of  wood,  for 
example,  are  phenomena.  When  we  study  the  characteristics  which 
belong  to  phenomena  of  the  same  class,  we  soon  perceive  that  the 
various  circumstances  of  their  production  have  a  mutual  dependence, 
so  that  if  one  of  them  varies,  the  others  undergo  a  corresponding 
variation.  The  expression  of  this  connection  constitutes  a  physical 
law. 

Sometimes  the  law  appears  of  itself  and  without  difficulty,  by 
means  of  observation  alone.  Such,  for  example,  is  the  following: 
All  bodies  left  to  themselves  faU  to  the  surface  of  the  earth.  But 
more  frequently  the  law  is  disguised  by  disturbing  causes,  whose 
influence  should,  as  far  as  possible,  be  eliminated.  This  elimination 
is  the  object  of  experiment  Experiment  differs  fit>m  observation  in 
this  respect,— that  the  phenomenon  is  produced  under  conditions 
previously  determined  and  regulated  by  the  experimenter.  If  we 
wish  to  know,  for  example,  what  are  the  velocities  which  gravity 
produces  in  different  bodies  falling  freely,  we  must  not  let  them  £a.Il 
in  air,  because  this  fluid  retards  their  movement,  and  that  in  unequal 
degrees  for  different  bodied;  we  must  operate  i/n  vacuo,  and  thus  we 
arrive  at  the  law,  which  observation  alone  could  never  have  dis- 
covered, that  gravity  produces  the  same  velocity  in  all  bodies.  It 
will  be  readily  understood  then  that  the  art  of  experimenting,  that 
is,  of  regulating  the  special  conditions  under  which  phenomena  shall 
take  place,  and  of  measuring  their  constituent  elements,  is  absolutely 
necessary  to  the  physical  investigator;  and  that  a  genius  for  physical 
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science  mainly  consists  in  the  possession  of  this  aptitude  in  a  more 
or  less  eminent  degree. 

We  may  remark  that  when  the  general  law  of  a  class  of  pheno- 
mena is  known,  the  expression  of  this  law  is  often  called  the  physical 
cause  of  the  particular  phenomena  which  it  includes.  A  phenomenon 
IS  said  to  be  explained  or  accounted  for,  or  traced  to  its  cause,  when 
we  show  that  it  is  contained  in  the  enunciation  of  a  known  law. 

Thus,  when  we  have  once  laid  down  the  principle  that  the  volumes 
of  gases  under  different  pressures  vary  inversely  as  these  pressures, 
we  are  in  a  position  to  explain  a  crowd  of  facts  depending  on  the 
action  of  a  gas  whose  volume  and  pressure  vary  simultaneously. 

When  the  law  of  observed  phenomena  admits  of  numerical  state- 
ment, calculation  becomes  a  valuable  instrument  for  making  known 
all  its  consequences,  and  the  experimental  verification  of  these  conse- 
quences constitutes  a  confirmation  of  the  physical  law  itself  In  this 
way  mathematical  methods  become  powerful  auxiliaries  to  physical 
science. 

4.  Physical  Theoiy. — The  enunciation  of  any  one  physical  law, 
and  the  rational  development  of  its  consequences^  constitute  a  partial 
physical  theory.  The  assemblage  of  all  the  laws  which  belong  to  one 
class  of  phenomena,  forms  a  more  general  physical  theory;  but  it  will 
be  readily  understood  that  these  different  laws  may  be  merely  corol- 
laries of  a  single  law. 

The  discovery  of  this  single  law,  when  it  exists,  marks  a  decided 
step  in  the  progress,  of  physical  science.  Thus  Newton  traced  to 
the  single  law  of  gravitation  aU  the  movements  of  our  planetary 
system,  as  well  as  those  of  bodies  which  fall  to  the  surface  of  the 
earth. 

In  like  manner  the  different  partial  theories  of  optics  are  rigorous 
consequences  of  the  properties  attributed  to  a  fluid  called  ether,  with 
which  we  suppose  space  to  be  filled,  and  whose  vibrations  serve  for 
the  propagation  of  light  and  heat. 

This  work  of  synthesis,  however,  has  as  yet  made  little  progress, 
though  these  last  few  years  have  been  marked  by  very  successful 
efforts  in  this  direction;  but  it  should  be  considered  as  the  true  object 
of  physical  science  in  general,  and  the  highest  generalization  will 
have  been  attained  when  it  has  been  demonstrated  that  all  the  phy- 
sical agents  which  have  hitherto  been  regarded  as  distinct,  are  merely 
transformations  of  one  and  the  same  primordial  agent. 

5.  DiviBions  of  Physioal  Science. — Physical  or  natural  science  in 
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general  comprises  the  aggregate  of  all  the  phenomena  of  the  ex- 
ternal world;  but  the  accumulation  of  discoveries  in  different  parts 
of  this  mighty  whole  has  necessitated  the  division  of  it  into  several 
branches,  which  at  present  constitute  distinct  sciencea 

Natural  History  comprises  all  those  facts  which  have  reference  to 
the  different  beings,  organic  or  inorganic,  which  are  found  upon  the 
surface  of  the  globe;  it  is  further  subdivided  into  several  parta 
Zoology  is  occupied  with  the  organization  and  habits  of  animals,  with 
their  regular  classification,  and  with  all  the  phenomena  connected 
with  their  development  and  reproduction.  Botany  treats  of  the 
same  questions  with  respect  to  vegetables.  Mineralogy  has  for  its 
object  the  description  and  methodical  classification  of  the  different 
inorganic  bodies  (minerals)  which  nature  presents  to  us;  the  know- 
ledge of  the  peculiar  characteristics  which  serve  to  distinguish  them 
from  one  another;  and  the  enumeration  of  their  principal  properties 
as  well  83  of  the  various  applications  that  can  be  made  of  them. 

Oeology  is  the  history  of  the  earth;  it  recounts  the  different 
revolutions  which  have  modified  the  surface  of  the  globe  and  finally 
brought  about  its  present  configuration,  the  arrangement  and  nature 
of  the  rocks  that  enter  into  its  composition,  and  the  description  of 
those  ancient  animals  and  vegetables  whose  fossil  remains  kre  still  in 
existence,  belonging  in  many  cases  to  types  which  have  since  become 
extinct.  It  is  the  basis  of  the  art  of  the  mining  engineer,  and  enables 
him  to  follow  a  regular  method  in  searching  for  the  various  metals 
or  combustible  substances  which  are  hid  in  the  depths  of  the  earth, 
and  which  we  employ  to  satisfy  our  various  requirements. 

Astronomy  is  occupied  with  the  laws  of  the  movements  of  the 
heavenly  bodies ;  thanks  to  the  perfection  to  which  our  measuring 
instruments  have  been  brought,  to  the  progress  of  mathematical 
science,  and  to  the  discovery  of  the  universal  law  of  gravitation, 
astronomy  has  arrived  at  such  a  degree  of  perfection  that  it  may  be 
classed  among  the  exact  sciencea 

Besides  natural  history  ajid  astronomy,  there  is  room  further  for 
distinguishing  physics  from  chemistry.  This  latter  science,  in  fact, 
has  for  its  object  the  study  of  phenomena  in  which  the  essential 
character  of  materials  seems  to  be  changed;  phenomena  in  which 
matter  seems  to  be  destroyed,  or  at  least  metamorphosed.  If  we 
take  a  piece  of  sulphur  and  heat  it,  it  will  melt;  if  we  rub  it  with  a 
piece  of  wool,  it  will  acquire  the  power  of  attracting  light  bodies, 
and  will  present  the  peculiar  and  curious  properties  which  are  charac- 
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teristic  of  electrical  excitation;  but  the  sulphur  will  not  have  lost  its 
proper  nature,  and  when  the  different  influences  to  which  it  has  been 
submitted  cease  to  act,  it  will  resume  all  its  original  characteristics. 
The  sulphur  under  these  circumstances  has  displayed  physical  pheno- 
mena. If,  on  the  other  hand,  we  place  this  same  body  in  a  fire, 
we  shall  see  it  burn  with  a  blue  flame;  at  the  end  of  some  time  it 
will  have  entirely  disappeared,  or  at  least  will  have  been  transformed 
into  a  gaseous  substance  which  is  dissipated  with  the  other  products 
of  combustion.  In  this  case  the  sulphur  has  ceased  to  exist  as  sul- 
phur; a  chemical  phenomenon  has  taken  place. 

In  a  more  restricted  sense,  then,  physics  or  natural  philosophy  is 
understood  as  embracing  the  study  of  all  the  phenomena  of  the 
material  world  except  those  which  consist  in  the  action  of  vital  forces 
or  of  chemical  affinitiea  It  is  in  this  restricted  sense  that  physics  forms 
the  subject  of  the  present  treatise.  We  may  remark,  however,  that 
the  two  kinds  of  phenomena  are  often  produced  by  the  same  causes, 
and  that  each  is  frequently  the  necessary  consequence  of  the  other. 
Thus  in  heating  a  body  we  render  it  better  adapted  to  undergo 
chemical  transformations;  and,  on  the  other  hand,  such  transforma- 
tions often  produce  a  great  quantity  of  heat.  Physics  and  che- 
mistry, though  pursuing  different  ends,  should  yet  afford  each  other 
mutual  assistance.  For  example,  our  ideas  of  electricity  would  be 
very  imperfect  without  a  knowledge  of  the  curious  and  often  useful 
chemical  phenomena  which  it  is  capable  of  producing. 

A  similar  remark  may  also  be  made  with  regard  to  all  the  other 
branches  of  natural  science.  How,  for  example,  can  we  separate 
mineralogy  and  chemistry,  when  it  so  often  happens  that  the  only 
means  of  recognizing  a  mineral  is  by  making  a  chemical  analysis 
of  it?  and  when,  on  the  other  hand,  a  complete  description  of  the 
substances  which  the  chemist  produces  in  his  laboratory,  must  neces- 
sarily include  an  account  of  their  external  characteristics,  such  as 
their  crystalline  form,  which  specially  belongs  to  the  province  of 
mineralogy? 

To  take  another  instance.  Can  we  draw  a  sharp  line  of  demar- 
cation between  zoology  and  botany  on  the  one  side,  and  physical 
science  and  chemistry  on  the  other?  Does  not  the  tissue  of  organic 
beings  undergo  various  chemical  reactions  which  are  a  necessary 
accompaniment  of  vital  phenomena?  Do  not  physical  agents  in 
their  turn  produce  phenomena  of  such  a  nature  as  completely  to 
embarrass  the  physiologist  and  the  physician,  imless  they  ai*e  armed 
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with  a  knowledge  of  the  laws  which  regulate  the  action  of  these 
agents  upon  inorganic  bodies? 

Finally,  though  astronomy  may  seem  to  form  a  totally  distinct 
science,  consisting  of  the  geometry  and  mechanics  of  the  movements 
of  the  heavenly  bodies,  must  it  not  avail  itself  of  all  the  resources 
of  physical  science  if  it  would  arrive  at  any  rational  conjectures 
respecting  their  constitution  ?  We  may  say,  then,  that  all  the  parts 
of  natural  science  are  interwoven  together ;  they  form  one  connected 
whole,  and  the  division  into  distinct  sciences  has  simply  arisen  from 
the  vastness  of  the  subject,  which  renders  it  impossible  for  any  one 
mind  adequately  to  follow  the  development  of  its  various  branches. 


CHAPTER    IL 


MECHANICS. 


6.  Principle  of  Inertia. — The  fundamental  principle  of  physics  is 
the  inertia  of  matter.  Inertia  does  not  consist  in  the  inactivity 
of  material  particles,  nor  in  the  impossibility  of  changes  being  pro- 
duced in  their  states  of  rest  or  motion  by  their  mutual  action ;  for 
a  glance  at  nature  is  sui&cient  to  show  that  repose  nowhere  exists, 
and  that  motion  changes  in  an  endless  variety  of  ways.  The  prin- 
ciple of  inertia  is  an  abstract  principle  which  must  be  considered  as 
applicable  to  a  single  isolated  particle.  It  may  be  enounced  in  the 
following  terms: — 

An  isolated  material  point  cannot  change  its  state,  whether  of 
rest  or  motion.  That  is  to  say,  if  it  be  at  rest  it  will  remain  at  rest; 
if  it  he  in  motion  it  will  continue  to  Tnove  in  the  same  direction 
and  with  the  same  velocity,  • 

If,  then,  we  see  a  material  point  which  was  at  rest  begin  to  move, 
or  ii'  we  observe  any  change  in  the  motion  of  a  point,  we  say  that 
it  has  been  acted  on  by  a/orce. 

Without  entering  upon  the  very  obscure  subject  of  the  intimate 
nature  of  forces — without  seeking  to  know  whether  they  form  an 
essential  part  of  bodies  or  have  a  separate  existence,  but  only  re- 
garding them  in  the  effects  which  they  produce,  we  may  define 
them  in  the  following  manner: — 

A  force  is  any  cause  which  tends  to  urge  a  material  point  in  a 
definite  direction  with  a  definite  velocity} 

7.  Manifestations  of  Inertia.— The  principle  of  inertia,  as  above 
enounced,  does  not  admit  of  direct  experimental  verification;  for 
we  cannot  observe  a  material  point,  which  is  a  mere  abstraction ; 

*  The  words  with  a  dtfinite  velocity  only  imperfectly  express  the  idea  intended  to  be 
conveyed.     The  correct  phrase  would  be  with  a  d^nite  acceUnUion.     See  Chap.  v. 
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still  less  an  isolated  material  point  The  principle  of  inertia  is  one 
of  those  ultimate  and  abstract  principles  which  presented  themselves 
to  the  minds  of  the  founders  of  the  science  of  mechanics — of  Newton 
especially — as  the  key  and  reason  of  the  manifold  and  complex 
characters  of  external  phenomena.  But  if  it  is  impossible  to  verify 
the  principle  of  inertia  directly,  it  is  easy  to  show  its  influence  in 
external  phenomena,  this  influence  reducing,  itself  evidently  to  the 
tendency  of  bodies  to  continue  in  their  state  of  rest  or  motion. 

The  tendency  to  continue  in  a  state  of  rest  is  manifest  to  the  most 
superficial  observation.  The  tendency  to  continue  in  a  state  ot 
uniform  motion  can  be  clearly  understood  from  an  attentive  study 
of  facts.  If,  for  example,  we  make  a  pendulum  oscillate,  the  ampli- 
tude of  the  oscillations  decreases  more  and  more;  and  ends,  after  a 
longer  or  shorter  time,  by  becoming  nothing.  This  is  because  the 
pendulum  experiences  resistance  from  the  air,  due  to  the  successive 
displacement  of  the  particles  of  this  fluid ;  and  because  the  axis  of 
suspension  rubs  on  its  supports.  These  two  circumstances  combine 
to  produce  a  diminution  in  the  velocity  of  the  apparatus  until  it  is 
completely  annihilated.  If  the  friction  at  the  point  of  suspension  is 
diminished  by  suitable  means,  and  the  apparatus  is  made  to  oscillate 
i/n  vacuo,  the  duration  of  the  motion  will  be  immensely  increased. 

Analogy  evidently  indicates  that  if  it  were  possible  to  suppress 
entirely  these  two  causes  of  the  destruction  of  the  pendulum's  velo- 
city, its  motion  would  continue  for  an  indefinite  time  unchanged 

This  tendency  to  continue  in  motioii  is  the  cause  of  the  effects 
which  are  produced  when  a  carriage  or  railway  train  is  suddenly 
stopped.  The  passengers  are  thrown  in  the  direction  of  the  motion, 
in  virtue  ol  the  velocity  which  they  possessed  at  the  moment  when 
the  stoppage  occurreld.  If  it  were  possible  to  find  a  brake  sufficiently 
powerful  to  stop  a  train  suddenly  at  full  speed,  the  effects  of  such  a 
stoppage  would  be  identical  with  those  which  would  result  from 
collision  with  another  train  of  the  same  weight  coming  in  a  contrary 
direction  with  equal  velocity. 

Inertia  is  also  the  cause  of  the  severe  falls  which  are  often  received 
in  alighting  incautiously  from  a  carriage  in  motion ;  all  the  particles 
of  the  body  have,  in  fact,  a  forward  motion,  and  the  feet  alone  being 
reduced  to  rest,  the  upper  portion  of  the  body  continues  to  move, 
and  is  thus  thrown  forward. 

When  we  fix  the  head  of  a  hammer  on  the  handle  by  striking  the 
end  of  the  handle  on  the  ground,  we  utilize  the  inertia  of  matter. 
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In  fact,  at  the  moment  of  the  shock,  and  of  the  stoppage  which  re- 
sults, the  head  continues  to  move,  and  ends  after  some  blows  by 
becoming  firmly  fixed. 

8.  Mechanics. — ^AU  physical  phenomena  fundamentally  consist  in 
motions ;  but  these  motions  are  in  many  cases  too  minute  to  admit 
of  direct  observation,  and  are  only  inferred  from  their  effects.  Thus 
when  a  solid  body  is  heated  and  melted,  it  is  certain  that  the  liquid 
state  results  from  a  particular  displacement  of  the  molecules,  and  per- 
haps also  from  a  change  of  their  form— that  is  to  say,  from  circum- 
stances which  are  reducible  to  motions;  but  the  liquid  body  thus 
formed  has  acquired  peculiar  properties,  which  form  a  subject  of 
study  in  themselves  apart  from  the  motions  to  which  they  are  due. 

When  motions  are  considered  in  themselves,  according  to  their 
geometrical  relations,  and  in  connection  with  the  forces  which  pro- 
duce them,  they  form  the  subject  of  the  science  of  mechanics,  which 
must  be  regarded  as  an  indispensable  introduction  to  physics.  We 
shall  give  in  this  chapter  enunciations  and  illustrations  of  some 
fundamental  propositions,  referring  the  reader  to  special  treatises  on 
this  subject  for  fuller  information. 

9.  Elements  required  to  specify  a  Force. — The  material  point  sub- 
mitted to  the  action  of  force  is  called  the  point  of  application  of 
the  force.  It  tends,  in  virtue  of  this  action,  to  move  in  a  certain 
direction,  which  is  called  the  direction  of  the  force,  and  which  can 
be  represented  geometrically  by  a  straight  line  drawn  from  the 
material  point.  It  is  obvious  also  that  the  force  must  act  with  some 
definite  intensity,  which  is  different  in  different  casea  This  intensity 
may  manifest  itself,  for  example,  by  a  greater  or  less  velocity  of  the 
point,  a  greater  velocity  corresponding  to  a  greater  force. 

When  two  forces  separately  applied  to  the  same  point  at  rest  give 
it  the  same  motion,  they  may  be  called  equal  The  union  of  a  num- 
ber of  equal  forces  gives  a  force  which  is  a  corresponding  multiple  of 
one  of  them,  and  thus  the  intensities  of  forces  can  be  numerically  com- 
pared   Forces  then  can  be  represented 

either  by  numbers  or  by  lines;  in  the   t  ? I 

latter  case  a  certain  length  (as  an  inch) 

being  taken  to  represent  a  certain  force 

(as  tlie  weight  of  a  pound).     It  is  usual  to  indicate  the  direction  of 

a  force  by  a  line  AF  with  which  the  direction  of  the  force  coincides, 

and  to  lay  off  on  this  a  length  AB  representing  (on  the  scale  chosen) 

the  intensity  of  the  forca 
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For  accuracy,  it  is  to  be  observed  that  the  pound,  ounce,  and  other 
units  of  weight  are  essentially  units  of  mass,  not  of  force.  In  order 
to  render  them  available  as  accurate  units  of  force,  the  locality  must 
be  specified,  inasmuch  as  the  force  requisite  to  support  a  pound  of 
matter  is  different  in  different  localities,  being  for  example  greater 
at  the  poles  of  the  earth  than  at  the  equator  by  about  1  part 
in  1 90. 

10.  Resultant. — When  a  material  point  or  a  system  of  points  is 
ui^ed  by  a  certain  number  of  forces,  it  wUl  be  readUy  understood 
that  a  single  force  of  determinate  magnitude,  and  applied  at  a  suit- 
able point,  may  be  capable  of  producing  the  same  effect  as  all  the 
given  forces  acting  together.  This  single  force  is  called  the  reaultant 
of  the  given  forces,  and  they  are  called  its  components. 

Thus,  for  example,  a  vessel  descending  a  river,  whether  propelled 
by  steam  or  wind,  provided  its  motion  be  rectilinear,  is  really  urged 
forward  by  a  great  number  of  forces  applied  at  different  points ;  but 
it  is  evident  that  a  single  force  of  proper  magnitude  and  line  of 
action  would  produce  the  same  effect 

It  is  not  every  system  of  forces  that  has  a  resultant;  but,  in  the 
case  of  those  which  have,  it  is  very  important  to  determine  its 
magnitude  and  position,  for  the  study  of  the  body's  motion  will  thus 
be  evidently  simplified.  The  following  is  an  important  case  in  which 
this  determination  is  easily  made. 

11.  Parallelogram  of  Forces. — If  a  material  point  A  ia  acted 
on  by  two  forces  represented  in  magnitude  and  direction  by  AB 

and  AC,  there  is  a  resultant,  which  is  exactly 

^^r^^ ?  represented  by  the  diagonal  AD  of  the  parol- 

\y^^^^^   \  Idogram  of  which  AB  and  AC  are  sides. 

\_ "'"^v  This  proposition  can  be  verified  experiment- 

^      ally  by  the  aid  of  the  following  apparatus  due 

Fig.  2-Paraiieiogram  of       to  Gravcsaude.     ABDC  (Fig.  3)  is  a  parallelo- 

'''*'^'  gram  jointed  at  its  four  comers.    To  the  points 

B  and  C  cords  are  fixed,  which,  passing  over  the  pulleys  M  and  N, 

support  at  their  extremities  weights  P  and  F,  of  90  and  60  ounces 

respectively. 

The  lengths  of  the  sides  AB  and  AC  are  themselves  proportional 
to  the  numbers  90  and  60.  .To  the  comer  A  is  attached  a 
weight  F'  of  120  oimces.  In  these  circumstances,  the  parallelogram 
will  take  a  position  of  equilibrium,  in  which  the  cords  attached  to 
B  and  C  will  be  found  to  form  prolongations  of  the  sides  AB.  AC, 
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aod  the  diagonal  AD  will  be  vertical  But  the  forces  P  and  F  have 
a  resultant  acting  vertically  at  A,  since  their  resultant  must  be  equal 
and  opposite  to  the  weight  F'  which  balances  them.     The  diagonal 


Pig.  3. — GnvflHDdfl'i  Appuatiu, 


AD  therefore  agrees  with  the  resultant  in  direction;  and  if  this 
diagonal  is  measured,  its  length  will  be  found  to  be  1 20  on  the  same 
scale  on  which  the  lengths  of  AB  and  AC  are  90  and  60. 


PI(.  fi.— Pusllsloptpad  at 


IS.  Composition  of  Forces. — Knowing  how  to  find  the  resultant  of 
two  forces,  that  is  to  say,  to  eompov/nd  two  forces,  applied  to  the 
same  point,  it  is  easy  to  compound  any  number. 

Let  there  be,  for  example  (Fig.  4),  four  forces  applied  to  the 
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material  point  A.  We  may  compound  first  the  force  AB  with  AC, 
which  gives  the  resultant  Ar;  this,  compounded  with  AD,  gives  a 
second  partial  resultant  A/,  which,  compounded  with  the  fourth  force, 
gives  the  complete  resultant  AR 

In  the  particular  case  of  three  forces  (Fig.  5),  it  is  easily  seen  that 
the  resultant  Ar'  is  the  same  thing  as  the  diagonal  of  the  parallelo- 
piped  constructed  on  the  lines  AB,  AC,  AD  which  represent  the 
three  forcea  In  the  figure,  the  pai*allelopiped  has  been  completed  to 
render  this  evident,  but  the  construction 
amounts,  as  in  the  preceding  case,  to  com- 
pounding AB  with  AC,  and  their  resultant 
Ar  with  AD. 

13.  Composition  of  Parallel  Forces. — When 
two  parallel  forces  F  and  Y  are  applied 
at  the  two  extremities  of  a  straight  line, 

they  have  a  resultant  R  equal  to  their  sum,        Fig.  e— PamUei  vatem. 

and  acting  at  a  point  C  which  divides  the 

straight  line  AB  into  parts  inversely  proportional  to  the  forces. 


B 


Fig.  7. — Composition  of  Parallel  Forces. 


If,  for  example,  the  two  forces  F  and  F'  are  equal,  the  point  C  will 
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be  at  the  middle  of  AB ;  if  the  force  F  is  double  of  F',  the  segment 
CA  wiU  be  equal  to  half  of  CB. 

This  proposition  can  be  verified  by  the  aid  of  the  following  appar- 
atus called  the  arithmetical  lever  (Fig.  7). 

The  lever  AB  supports  two  equal  weights  P  at  its  extremities ;  it 
is  suspended  at  its  middle  by  a  cord  which,  passing  over  the  pulley 
M,  sustains  a  weight  P'.  It  will  be  found  that,  when  the  weight 
F  has  a  certain  value,  the  lever  is  in  equilibrium ;  whence  it  follows 
that  the  two  weights  P  and  the  weights  of  the  different  parts  of  the 
lever,  which  we  inay  suppose  distributed  two  and  two  at  equal 
distances  from  the  middle  point,  have  a  resultant  acting  at  this 
pointy  equal  and  opposite  to  the  force  F.  It  will  also  be  found  that 
F  is  equal  to  the  sum  of  the  two  weights  P  together  with  the  weight 
of  the  lever. 

In  the  case  of  the  second  figure,  a  single  weight  P  is  placed  at  one 
of  the  extremities  B,  whilst  two  equal  weights  are  suspended  at  the 
middle  point  C  of  the  second  half  of  the  lever.  It  will  be  found  that 
there  is  still  equilibrium,  provided  that  the  weight  F  is  the  sum  of 
the  three  weights  P  and  the  weight  of  the  lever. 

To  interpret  this  result,  we  may  remark  that  the  lever  being 
balanced  directly  by  an  equal  portion  of  F,  we  may  neglect  its 
weight;  there  remain  then  only  two  forces,  of  which  one,  that  on  the 
left,  is  double  of  the  other.  Now  the  resultant  evidently  passes 
through  the  point  of  suspension  O,  which  is  exactly  twice  as  far  from 
B  as  from  C. 

14.  When  the  parallel  forces  F  and  F  act 
in  opposite  directions,  there  is  still  a  result- 
ant parallel  to  the  components,  acting  in  the 
same  direction  as  the  greater,  and  equal  to 
their  difference  F — Y,  Moreover  its  point  'f-p 
of  application  C  is  so  placed  that  the  distances 
CA  and  CB  are  inversely  proportional  to 
the  forces,  a  result  analogous  to  that  which  ^.^  8.-ParaUei  fbr«»  m 
holds  when  the  forces  act  in  the  same  direc-  oppoeite  Direction*, 

tion. 

We  see,  as  a  consequence  of  this  proposition,  that  if  the  two 
parallel  and  opposite  forces  differ  little  from  one  another,  their 
resultant  has  a  very  small  value,  but  its  point  of  application  is  very 
remote.  In  the  particular  case  in  which  the  two  forces  are  equal, 
the  Yvle  of  composition  is  absolutely  inapplicable.     Such  a  system. 
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consisting  of  two  equal  and  parallel  forces  acting  in  opposite  direc- 
tions, is  called  a  couple.  It  cannot  be  equilibrated  or  replaced  by 
a  single  force,  but  obviously  tends  to  produce  a  motion  of  rotation. 
Now  in  nature  we  frequently  see  bodies  possessing  at  once  a  motion 
of  translation  and  a  motion  of  rotation.  We  may  assume  that  the 
translation  has  been  produced  by  a  force  and  the  rotation  by  a 
couple ;  this  latter  then  presents  itself  as  a  sort  of  natural  element 
in  mechanics.  The  idea  of  couples  originated  with  the  geometrician 
Poinsot,  and  has  greatly  simplified  many  mechanical  problema 

The  perpendicular  distance  between  the  lines  of  action  of  the  two 
equal  forces  which  constitute  a  couple  is  called  the  arm  of  the  couple. 
The  product  of  one  of  the  two  equal  forces  by  the  arm  is  called  the 
momeTU  of  the  couple,  and  is  the  measure  of  the  power  of  the  couple 
to  produce  rotation.  It  is  proved  in  treatises  on  mechanics  that 
two  couples  acting  on  a  body  and  tending  to  turn  it  in  opposite 
directions  will  equilibrate  each  other  if  their*  moments  are  equal, 
even  though  they  be  applied  at  different  parts  of  the  body.  Two  or 
more  couples  acting  on  a  body  and  tending  to  turn  it  in  the  same 
direction,  may  be  replaced  by  a  single  couple  whose  moment  is  the 
sum  of  their  moments ;  and  any  number  of  couples  acting  on  a  body 
and  tending  to  turn  it  in  any  directions  whatever,  are  always,  except 

when  they  are  in  equilibrium,  equivalent  to 
a  single  couple. 

16.  CompoBition  of  any  Number  of  Parallel 
ForceB.  To  compound  a  given  number  of 
parallel  forces,  F,  F,  F',  F",  we  may  firat 
compound  the  first  with  the  second,  which 
gives  a  partial  resultant  r;  this  compounded 
with  the  third  force  F',  gives  a  second  result- 
ant r\  which  combined  with  F",  gives  the 
complete  resultant  R.  It  is  dear  that  this 
procedure  is  applicable  to  any  number  of 
Fig.  9.— compoflition  of  any    forccs,  and  that  the  resultant  is  always  equal 

Number  of  P«^lel  Foro«.       ^  ^^^  ^^^  ^f  ^jj  ^^^  f^^^       As  tO  itS  poiut  of 

application,  we  may  remark,  that  the  point  of  application  of  the 
first  partial  resultant  is  obtained  by  dividing  AB  into  two  parts 
AI  and  BI  inversely  proportional  to  F  and  F.  In  like  manner 
the  point  of  application  K  of  r'  is  obtained  by  dividing  IC  into  parts 
IK  and  KC,  inversely  proportional  to  r  and  F';  and  lastly,  the  point 
of  application  L  of  the  complete  resultant  is  obtained  by  performing 
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an  analogous  operation  on  the  line  KD.  Now  it  will  be  remarked 
that  this  series  of  constructions  is  independent  of  the  absolute  direc- 
tion of  the  forces,  and  only  supposes  that  they  are  parallel ;  if  then 
the  forces  were  turned  about  their  points  of  application  in  such  a 
manner  as  still  to  remain  parallel  to  one  another,  their  resultant 
would  still  pass  through  the  same  point  L.  This  point  is  on  this 
account  called  the  centre  of  parallel  forces. 

16.  Besolntion  of  Forces. — As  any  number  of  forces  can  be  com- 
pounded into  a  single  force,  so  a  given  force  can  be  (decompounded 
or)  resolved  into  two  or  any  number  of  forces  which  would  pro- 
duce the  same  effect.  Thus,  for  example,  the  force  AD  (Fig.  2)  can 
be  replaced  by  the  two  forces  AB  and  AC,  inasmuch  as  it  is  their 
resultant.  It  is  obvious  that,  to  resolve  a  force  applied  to  a  material 
point  into  two  others  having  given  directions,  it  is  necessary  to  draw, 
through  the  extremity  D  of  the  line  which  represents  the  given  force, 
lines  parallel  to  the  given  directions.  They  determine  by  their 
intersections  the  points  B  and  C,  and  consequently  the  magnitudes 
AB  and  AC  of  the  two  forces  which  can  be  substituted  for  the  given 
force. 

The  composition  of  several  forces  into  a  single  force  constitutes  an 
obvious  simplification.  As  to  resolution  (or  decomposition),  its  utility 
is  not  so  obvioua  It  may  appear  at  first  sight  to  be  a  complication. 
Such  however  is  not  always  the  case,  and  in  the  course  of  this  trea- 
tise we  shall  find  it  of  continual  use.  It  will  be  readily  conceived, 
in  fact,  that  when  a  force  is  applied  to  a  point  whose  movements  are 
constrained  by  guides  or  physical  connections,  the  effect  which  the 
force  can  produce  is  not  easily  perceived.  But  it  is  sometimes  pos- 
sible, by  resolution,  to  replace  it  by  components,  of  which  some  are 
destroyed  by  the  conditions  of  constraint,  and  the  others  can  act  in 
a  manner  directly  appreciable. 

We  will  confine  ourselves  to  a  single  example  of  this,  namely,  the 
explanation  of  the  opposite  courses  which  can  be  taken  by  two 
sailing  boats  with  the  same  wind. 

Consider,  for  example,  the  case  of  the  first  figure.  The  wind, 
blowing  in  the  direction  Vm,  tends  to  exert  a  force  which  can  be 
resolved  at  the  point  m  into  two  components,  one  of  them  ttf  tan- 
gential to  the  sail,  which  has  no  effect,  the  other  ran  perpendicular 
to  the  sail.  This  latter  tends  to  urge  the  boat  obliquely  towards 
the  left  of  the  figure.  But  as  the  boat  can  be  moved  much  more 
easily  in  the  direction  of  its  length  than  in  any  other  direction,  we 
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may  resolve  this  latter  force  into  two  componente  ■,  one  perpendicular 
to  tlie  length,  which  ha^  little  effect;  the  other  in  the  direction  of 
the  length,  wliich  produces  the  forward  movement  of  the  boat  in  the 
direction  of  the  arrow  placed  below  the  figure. 


In  the  second  figure  it  will  be  Been  that  the  same  methods  of 
resolution  lead  to  an  opposite  result,  and  that  the  direction  of  motion 
is  opposite,  though  the  direction  of  the  wind  is  the  same.  In  reality, 
the  two  motions  are  not  directly  opposite,  because  the  action  of  the 
component  perpendicular  to  the  length  of  the  boat  cannot  be  alto- 
gether neglected,  but  produces  what  is  called  leeway. 

17.  Work  done  by  a  Force. — In  the  difi^erent  operations  to  which 
forces  are  applied,  such  as  the  raising  of  burdens,  the  compressing, 
piercing,  and  pulverizing  of  solid  bodies,  it  is  clear  that  it  is  always 
necessary  to  overcome  a  certain  resistance  and  produce  a  certain 
displacement.  Hence  we  are  led  to  a  special  mechanical  element, 
involving  the  joint  consideration  of  force  and  the  displacement  of 
its  point  of  application.     This  element  is  called  work. 

The  w<yrk  done  by  a  force  is  the  prodvct  of  the  force  into  the 
displacement  which  it  produces  in  its  point  of  application. 

In  this  definition  the  force  is  supposed  to  be  constant,  and  the 
motion  of  the  point  of  application  is  supposed  to  coincide  with  the 
direction  of  the  force. 

In  stating  the  work  done  by  a  machine  it  is  usual  to  take  as  unit 
of  work  the  foot-pound;  that  is  to  say,  the  work  done  in  raising  a 
pound  through  a  height  of  a  fopt. 
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The  notion  of  work  is  itself  independent  of  time;  but  it  is  evident 
that  in  'practice  it  is  advantageous  for  a  machine  to  employ  little 
time  in  producing  a  given  amount  of  work. 

The  unit  employed  for  expressing  the  rate  of  working  of  a 
machine  is  the  horse-power,  and  denotes  33,000  foot-pounds  of 
work  done  per  minute  or  550  foot-pounds  per  second.  Thus  a 
machine  which  can  raise  12  tons  through  a  height  of  10  feet  in 
2  minutes  is  a  machine  of  rather  more  than  4  horse-power ;  since 
it  does  12  x  2240  x  10  =  268,800  foot-pounds  in  2  minutes,  or 
134,400  in  1  minute;  and  134,400  is  rather  more  than  4  times 
33,000. 

17  a.  The  above  definition  of  work  is  only  applicable  to  the  case 
in  which  the  displacement  of  the  point  of  application  of  the  force 
is  in  a  direction  precisely  coincident  with  the  direction  of  the 
force.  It  is  often  necessary  to  consider  cases  where  (owing  perhaps 
to  circumstances  of  constraint,  or  to  the  action  of  other  forces  besides 
the  one  considered,  or  to  previous  motion)  the  point  of  application 
of  a  force  moves  in  a  direction  oblique  to  that  of  the  force.  In  this 
case  the  force  may  be  resolved  into  two  components,  of  which  one 
is  perpendicular  and  the  other  either  coincident  with  or  directly 
opposite  to  the  direction  of  displacement.  The  former  of  these 
components  is  to  be  neglected  in  estimating  the  work  done  by  the 
force;  and  the  product  of  the  latter  component  by  the  displacement 
is  the  work  done  by  or  against  the  force  according  as  the  direction 
of  this  component  coincides  with  or  is  opposite  to  that  of  the  dis- 
placement^ 

The  necessity  of  having  a  name  to  denote  the  idea  thus  defined 
is  obvious  from  the  following  proposition,  which  is  called  the  pri/n- 
ciple  of  work. 

Every  machine  may  be  regarded  as  an  instrument  for  transmitting 
work ;  and  if  we  neglect  friction,  we  may  assert  that  the  work  thus 
tranamitted  is  unaltered  in  a/mount.  If,  for  example,  the  machine 
is  driven  by  forces  applied  at  points  Ai,  A2,  &c.,  and  if  the  machine 
overcomes  resistances  at  points  Bi,  B2,  &c.,  then  the  whole  work 
done  by  the  forces  at  Ai,  Ag,  &c.,  estimated  according  to  the  fore- 

^  Or  the  work  done  by  a  force  is  the  product  of  the  force  by  the  projection  of  the  dun- 
{dacement  of  its  point  of  application  on  the  direction  of  the  force,  or  is  .the  continued 
product  of  force,  displacement,  and  cosine  of  included  angle.  The  three  definitions  are 
obviously  equivalent.  Work  done  agaimt  a  force  is  to  be  regarded  as  negaiivt  work  done 
6y  the  force. 
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going  definition,  will  be  precisely  equal  to  the  whole  work  done 
against  the  resistances  at  Bi,  B2,  similarly  estimated. ' 

The  numerous  vain  schemes  for  producing  perpetual  motion  are 
founded  on  ignorance  of  this  law.  They  are  attempts  to  make  work 
increase  in  its  transmission  through  a  machine 

Practically,  work  is  always  diminished  in  its  transmission  through 
a  maclune,  owing  to  friction.  The  work  thus  lost  leaves  an  equiva- 
lent in  the  shape  of  heat  (see  Chap,  xxxii.) 


CHAPTER    IIL 
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18.  DijOrereiit  States  of  Matter. — As  the  object  of  physics  is  the 
study  of  the  general  properties  of  bodies,  it  is  necessary  for  us 
to  form  some  idea  of  the  constitution  of  the  different  kinds  of 
matter.  Matter  presents  itself  in  three  different  states:  the  solid, 
liquid,  and  gaseous.  Solid  bodies  are  characterized  by  a  kind  of 
invariability  of  form ;  that  is  to  say,  their  form  cannot  be  changed 
without  an  effort,  more  or  less  considerable.  Hence  a  solid  body 
forms  a  firmly  connected  whole,  so  that  the  movement  of  one  of  its 
parts  produces  motion  in  the  rest 

Liquids,  on  the  contrary,  appear  to  be  formed  of  particles  which 
are  independent  of  each  other  and  can  obey  individually  the  action 
of  the  forces  which  urge  them,  being  able  to  slide  past  each  other 
with  the  greatest  facility.  From  this  property  the  name  fluids,  by 
which,  in  common  with  gases,  they  are  often  designated,  is  derived 
{fluere,  to  flow).  This  also  is  the  reason  why  a  liquid  moulds  itself 
to  the  form  of  the  containing  vessel  Liquidity,  consisting  essen- 
tially in  the  perfect  mobility  of  the  constituent  parts  of  a  body,  may 
evidently  be  met  with  in  different  degrees  of  perfection.  Thus  sul- 
phuric ether  and  alcohol  are  more  perfectly  liquid  than  water ;  water 
itself  is  more  liquid  than  oil,  and  so  on.  Viscosity  is  a  name  used 
to  denote  the  want  of  independence  between  the  particles  of  a 
liquid,  which  establishes  a  kind  of  intermediate  state  between  these 
bodies  and  solids.  Thus  we  may  say  that  there  is  an  insensible 
passage  firom  liquids  more  or  less  perfect  to  viscous  liquids,  from 
these  to  plastic  substances  such  as  putty  or  moist  clay,  and  from 
these  last  to  solid  bodies. 

Gaseous  bodies,  of  which  the  atmosphere  offers  us  an  example, 
are  formed,  like  liquids,  of  independent  particles :  but  these  particles 
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appear  to  be  in  a  continual  state  of  repulsion,  so  that  a  gaseous 
mass  bas  a  continual  tendency  to  expand  to  a  greater  aad  greater 
voluma  This  property,  called  the  expansibility  of  gaaes.  is  commonly 
illustrated  by  the  following  experiment: — 

A  bladder,  nearly  empty  of  air,  and  tied  at  the  neck,  is  placed 
under  the  receiver  of  an  air-pump.  At  first  tbe  air  which  it  con- 
tains and  the  external  air  oppose  each  other  by  tbeir  mutual  pressure. 
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and  are  in  equilibrium.  But  if  we  proceed  to  exhaust  the  receiver, 
and  thus  diminish  the  external  pressure,  the  bladder  gradually 
becomes  iofiated,  and  thus  manifests  the  tendency  of  the  gas  which 
it  contains  to  occupy  a  greater  volume 

It  follows  from  this  property  that,  however  large  a  vessel  may  be, 
it  can  always  be  filled  by  any  quantity  whatever  of  a  gas,  which 
will  always  exert  pressure  against  tlie  sides.  It  is  in  consequence  of 
the  existence  of  this  pressure,  which  is  itself  a  result  of  expansi- 
bility, that  the  name  of  elastic  fiuida  is  often  given  to  gases. 

It  is  necessary  to  remark  that  tbe  same  substance  may,  according 
to  its  temperature,  assume  any  one  of  the  three  states.  Thus  water 
in  the  cold  of  winter  assumes  the  solid  state  and  becomes  ice;  and, 
on  the  other  hand,  there  is  always  more  or  less  water  diifused 
through  tbe  air  in  tbe  gaseous  state,  called  aqueous  vapour.  If  tbe 
thermal  conditions  existing  at  the  surface  of  the  earth  were  to  receive 
a  notable  change  in  either  direction,  some  of  tbe  bodies  which  we 
habitually  see  in  the  liquid  state  would  become  either  solids  or  vapours. 
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19.  Molecular  Constitution. — Whatever  be  the  state  under  which 
a  body  presents  itself,  it  is  the  general  opinion  of  physicists  that 
it  is  not  composed  of  continuous  matter,  but  is  an  aggregation 
of  distinct  parts  held  at  a  distance  from  each  other.  These  con- 
stituent parts  are  called  particles  or  moleculea  They  must  be 
regarded  as  exercising  two  kinds  of  mutual  actions,  the  one  attractive, 
the  other  repulsive,  which  balance  each  other  in  the  case  of  solids  and 
liquida  In  the  case  of  gases  this  equilibrium  does  not  subsist; 
there  is  a  permanent  repulsive  force  between  the  particles,  which 
gives  rise  to  expansibility  or  elastic  force. 

The  molecules^  of  solids  and  of  liquids  ought  not  to  be  considered 
as  similar.  In  the  latter,  in  fact,  each  molecule  can  turn  on  its  axis 
without  producing  any  modification  in  the  equilibrium;  in  other 
words,  equilibrium  depends  only  on  the  molecular  distances  and  not 
at  all  on  the  form  or  relative  disposition  of  the  moleculea  An 
approximate  idea  of  this  physical  constitution  will  be  obtained  by 
assuming  that  the  molecules  of  liquids  are  spherical,  and  hence  that 
molecular  equilibrium  depends  only  on  the  distances  between  the 
centres  of  the  spheres. 

In  solids,  much  depends  upon  the  form  and  relative  disposition  of 
the  molecules.  It  would  seem  as  if  these  molecules  (according  to 
the  ideas  of  some  ancient  philosophers)  were  formed  with  hooked 
projections  which  become  locked  together  and  so  give  a  determinate 
figure  to  the  mass.  It  is  not,  however,  necessary  to  fall  back  upon 
such  a  gross  image  as  this  for  the  explanation  of  rigidity.  It  is 
sufiScient  to  conceive  that  when  an  effort  is  exerted  against  any  part 
of  a  solid  body,  its  molecules  turn  on  their  axes,  assume  new  direc- 
tions, and  take  up  a  new  position  of  equilibrium.  Such  a  supposition 
corresponds  with  that  invariability  of  form  which  we  are  accustomed 
to  connect  with  the  solid  state.  In  reality  this  invariability  is  not 
absolute.  The  smallest  force  applied  to  a  solid  body  produces  some 
change  of  form,  but  frequently  this  change  is  only  appreciable  when 
the  force  is  very  intense. 

20.  Divisibility. — This  hypothesis  regarding  the  constitution  of 
bodies  amounts  to  assuming  that  matter  is  not  infinitely  divisible, 
but  that,  whatever  be  the  means  employed  to  produce  division, 
there  is  for  each  body  a  limit  below  which  it  never  descends.     These 

'The  hypotheses  broach^  in  the  remainder  of  this  section  must  be  received  with 
caotion,  as  being  merely  conjectural  explanations  of  the  distinction  between  solids  and 
liquids. 
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parts  which  always  remain  undivided  are  called  atoms  (a,  privative, 
rifivbf,  to  cut);  and  we  are  to  understand  by  this  designation  not 
elements  which  it  is  impossible  to  divide  in  an  absolute  or  meta- 
physical sense,  but  elements  which  are  not  susceptible  of  division  by 
any  known  forces. 

It  is  in  chemistry  especially  that  reasons  are  found  for  assuming 
a  limit  to  the  division  of  matter.  In  fact  in  chemical  phenomena 
we  see  this  division  attain  limifcs  which,  though  doubtless  very 
remote,  are  yet  fixed.-  The  composition  of  compound  bodies  is 
invariable,  whatever  may  be  the  circumstances  of  their  production;^ 
their  properties,  which  could  hardly  fail  to  be  altered  by  a  change  in 
the  size  of  the  constituent  particles,  are  also  the  same;  whence  it 
seems  necessary  to  conclude  that  the  elements  between  which  chemical 
affinity  is  exerted  are  absolutely  alike  and  unchangeable — have  a 
definite  existence.  They  are  the  veritable  individuals  of  the  mineral 
kingdom.     These  are  what  we  mean  by  atoms. 

The  notion  of  an  atom  does  not  involve  the  idea  of  size;  but 
exiperience  teaches  us  that  their  size  must  be  excessively  minute; 
for  we  can  in  several  different  ways  divide  matter  into  extremely 
small  parts,  without  finding  any  reason  to  think  that  we  have 
attain<>,d  or  even  approached  the  limit  of  division.  We  will  cite 
some  examples  which  prove  the  extreme  divisibility  of  matter. 

Wollaston  succeeded  in  obtaining  threads  of  platinum  of  a  diame- 
ter not  exceeding  Tnny^Tnnr  ^^  ^^  ^^c'^'  The  method  which  he 
employed  for  preparing  them  consisted  in  drawing  a  silver  wire 
with  a  platinum  core,  and  dissolving  the  shell  of  silver  in  nitric  acid. 
In  this  way  threads  can  be  obtained  so  fine  that  they  are  actually 
invisible  to  direct  view,  and  that  their  existence  can  only  be  detected 
by  the  aid  of  certain  special  optical  phenomena.  In  the  art  of  beating 
gold,  leaves  are  obtained  whose  thickness  cannot  exceed  -s-vrnnny 
of  an  inch.  A  square  inch  of  this  leaf  would  weigh  less  than  the 
7Triinr  ^^  ^^  ounce,  and  as  a  square  whose  side  is  -^^^  of  an  inch  is 
visible  to  the  naked  eye,  it  follows  that  this  square  inch  of  leaf 
contains  more  than  60,000  visible  parts. 

The  diff*usion  of  colouring  matters  and  perfumes  affords  a  notable 
instance  of  the  extreme  divisibility  of  matter.  A  cubic  millimetre 
of  indigo  (about  T^i^nr  ^^  ^  cubic  inch)  dissolved  in  sulphuric  acid, 

*ThiB  IB  called  the  law  of  "definite  proportions."  The  laws  of  "multiple  proportions'' 
and  "equivalent  proportions'*  furnish  perhaps  a  still  stronger  ai^gument  for  the  atomic 
hypothesis. 
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can  colour  to  an  appreciable  extent  more  than  10  litres  (about  2 
gallons)  of  water.  Now,  a  litre  contains  a  million  cubic  millimetres; 
the  cubic  millimetre  of  indigo,  therefore,  in  this  experiment  is  divided 
into  ten  million  visible  parts. 

The  diffusion  of  odoriferous  substauces  is  still  more  astonishing.  It 
is  well  known  that  a  grain  of  musk  will  continue  for  years  to  supply 
the  air,  which  is  continually  being  renewed  around  it,  with  a  suffi- 
cient number  of  particles  to  communicate  to  it  its  odour.  The  mind 
can  hardly  form  an  idea  of  the  degree  of  tenuity  which  such  par- 
ticles must  hava 

21.  Porosity. — Porosity  is  an  immediate  consequence  of  the 
hypothesis  of  molecular  constitution.  It  consists  in  the  existence, 
in  the  interior  of  all  bodies,  of  intervals  or  pores  between  their 
material  particles.  This  porosity  is  often  so  marked  as  to  permit 
the  passage  of  liquids  or  gases  through  the  substance  of  solids.  It 
then  receives  the  name  of  permeability.  Permeability  is  the  property 
which  is  utilized  in  the  employment  of  stone  filters;  the  pores  are 
large  enough  to  allow  the  water  to  pass,  and  small  enough  to  prevent 
the  passage  of  the  small  solid  bodies  held  in  suspension  in  the  water. 

It  is  by  means  of  permeability  that  the  communication  and  con- 
tact of  liquids  takes  place  in  organized  bodies ;  for  the  vessels  which 
contain  them  are  nowhere  open,  and  it  is  always  through  the  sub- 
stance of  their  walls  that  the  final  changes  of  elements  are  made 
which  are  necessary  to  vital  action. 

By  using  great  pressure,  liquids  can  be  made  to  pass  through 
metals.  These  latter,  or  at  least  some  of  them,  iron  and  platinum 
for  example,  when  raised  to  a  high  temperature,  allow  ready  passage 
to  different  gases.  Thus  it  is  that  cast-iron  stoves,  when  red-hot, 
allow  some  of  the  deleterious  products  of  combustion  to  pass  out, 
and  sometimes  occasion  serious  accidenta 

But  even  when  no  permeability  can  be  detected,  pores  must  still 
be  assumed  to  exist;  and  the  proof  is  found  in  the  fact  that  all 
bodies  can  have  their  volumes  increased  or  diminished, — that  they 
are  dilatable  and  compressible.  The  dilatation  of  bodies  by  the 
action  of  heat  is  a  general  phenomenon  which  will  be  studied  further 
on.     We  will  here  confine  ourselves  to  compressibility. 

22.  Compressibility. — Compressibility  consists  in  the  reduction  of 
volume  which  bodies  experience  under  the  action  of  external  pressure. 
The  compressibility  of  solids  is  extremely  small ;  that  is  to  say,  a  very 
considerable  pressure  is  required  to  produce  any  sensible  diminution 
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of  volume.     The  existence  of  such  an  effect  has,  however,  been  well 
established,  and  it  is  found  necessary  to  allow  for  it  in  structures. 

The  compressibility  of  liquids,  though  greater  than  that  of  solids, 
is  st0  very  small  Hence,  in  comparison  with  gases,  tbey  have 
often  been  called  incompressible  fluids.  It  is  eaay  with  the  aid  of 
(Ersted's  apparatus,  represented 
in  section  in  Fig.  12,  to  show 
that  liquids  are  more  compres- 
sible than  solids,  and  to  measure 
approximately  the  degree  of  their 
compressibility.  The  liquid  to 
be  compressed  is  contained  in  a 
kind  of  large  thermometer  b, 
called  a  piezometer,  whose  tube 
has  been  carefully  divided,  and 
its  reservoir  gauged  so  as  to  de- 
termine how  many  divisions  of 
the  tube  its  volume  is  equal  to. 
The  tube  is  open  at  the  top,  and 
a  globule  of  mercury,  placed 
above  the  liquid  column,  serves 
for  index.  The  apparatus  is 
placed  in  a  vessel  of  water  a, 
having  very  thick  sides. 

When  pressure  is  exerted  by 
means  of  the  screw-piston  klh, 
the  index  of  mercury  is  seen  to 
ri«.  ij.-(E«to4i  ruaaauAa.  desceud,  showing  a  diminution  of 

the  volume  of  the  liquid.  The 
amount  of  the  pressure  is  known  from  the  volume  of  air  contained 
in  the  tube  c,  which  serves  as  a  manometer.  In  this  experiment 
the  number  of  divisions  through  which  the  extremity  of  the  liquid 
column  moves  indicates  the  apparent  diminution  of  volume;  that 
is  to  say,  the  excess  of  the  diminution  of  volume  of  the  liquid 
above  that  of  the  envelope.  It  is  easy,  in  fact,  to  understand  that 
the  piezometer  itself  must,  under  the  pressure  to  which  it  is  sub- 
jected, undergo  a  diminution  of  capacity,  which  must  be  taken  into 
account  CErsted  supposed  that  this  diminution  was  insensible,  or 
nothing,  since  tbe  pressure  is  exerted  on  the  interior  as  well  as  the 
exterior  of  tbe  piezometer.      But  this  conclusion  is  erroneous ;  for 
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if  tbe  piezometer  were  solid  and   submitted   to  compressioQ,  the 
ioterior  shells  would  react  with  a  force  precisely  equivalent  to  that 
which  is  produced  when  the  instrument  is  hollow  and  the  liquid 
occupies  its   interior.      The  piezometer  then,  in  CErsted's  experi- 
ment,  undergoes  a  diminution  of  volume  equal  to  that  which  a 
solid  piezometer  would  undergo   in  the  same  circumstances.      In 
order,  then,  to  find  the  true  diminution  of  volume  of  the  liquid,  it  is 
Decessary  to  increase  the  apparent  contraction  by  tbe  contraction  of 
the  envelope.     This  latter  element  varies  according  to  the 
quality  of  tbe  glass  of  which  the  envelope  is  composed,  but 
may  be  estimated  at  about  -0000029  per  atmosphere  of  pres- 
Bura     The  true  compressibility  of  water,  according  to  recent 
experiments  conducted  under  the  direction  of  M.  Jamin  by 
Messrs.  Amaury  and  Bescamps,  is,  at  the  temperature  of 
15°  centigrade,    0000457  per  atmosphere.      It  diminishes 
when  the  temperature  increases.      Alcohol  and  ether  are 
rather  more  compressible,  and  their  compressibility  (unlike 
that  of  water)  increases  with  the  temperature.     Mercury  is 
much  less  compressible  than  water.     Its  variations  of  volume 
may  therefore,  in  ordinary  experiments,  be  neglected. 

Gases  are  enormously  more  compressible  than  solids  and 
liquids.  This  is  easily  shown  by  the  pneumatic  syringe. 
Fig.  13.  It  is  a  cylinder  of  very  thick  glass,  closed  at  one 
end.  A  piston,  which  exactly  fits  the  tube,  is  made  to  enter 
the  other  end,  and  can  be  forced  in  until  the  air  is  reduced 
to  a  half,  a  third,  or  a  tenth  of  its  original  volume. 

Hence  it  would  seem  to  follow  that  in  gases  the  spaces 
between  tbe  particles  are  much  greater  than  in  liquids  and 
solids,  and  consequently  that  there  is  much  less  matter  in 
the  same  volume.  The  same  conclusion  is  established  by 
tbe  comparison  of  specific  gravities.  To  give  an  idea  of  the 
difference,  it  may  suffice  to  mention  that  water,  when  con- 
verted into  steam,  at  the  ordinary  atmospheric  pressure, 
and  at  tbe  ordinary  temperature  of  boiling  water,  expands  pig.  i3._ 
1 700  times,  so  that  a  cubic  inch  of  water  gives  about  a  ^^^^ 
cubic  foot  of  steam. 

23.  Elasticity. — This  term,  when  applied  to  solids,  is  used  in 
modem  physics  to  denote  the  property  in  virtue  of  which  a  body 
tends  to  recover  ito  form  and  dimensions  when  these  are  forcibly 
dianged.    Tbe  great  majority  of  solid  bodies  possess  almost  perfect 
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elasticity  for  small  deformations ;  that  is  to  say,  when  distorted,  ex- 
tended, or  compressed  within  certain  small  limits,  they  will,  on  the 
removal  of  the  constraint  to  which  they  have  been  subjected,  return 
instantly  to  their  original  form  and  dimensiona  These  limits  (which 
are  called  the  limits  of  elasticity)  are  different  for  different  sub- 
stances; and  when  a  body  is  distorted  to  an  extent  exceeding  these 
limits,  it  takes  a  set,  the  form  to  which  it  returns  being  intermediate 
between  its  original  form  and  that  into  which  it  was  distorted. 

When  a  body  is  distorted  (using  this  word  to  include  extension  or 
compression  as  well  as  change  of  shape)  within  the  limits  of  its 
elasticity,  the  force  with  which  it  reacts  is  simply  proportional  to 
the  amount  of  distortion.  For  example,  the  force  required  to  make 
the  prongs  of  a  tuning-fork  approach  each  other  by  a  tenth  of  an 
inch,  is  precisely  double  of  that  required  to  produce  an  approach  of 
a  twentieth  of  an  inch ;  and  if  a  chain  is  lengthened  a  twentieth  of 
an  inch  by  a  weight  of  1  cwt.,  it  will  (if  we  may  neglect  the  weight  of 
the  chain  itself)  be  lengthened  ^^th  of  an  inch  by  a  weight  of  2  cwt, 
the  chain  being  supposed  to  be  sufficiently  elastic  to  experience  no 
permanent  set  from  this  greater  weight.  Also  (within  the  limits  of 
elasticity)  equal  and  opposite  distortions  are  resisted  by  equal  reac- 
tions ;  for  example,  the  same  force  that  suffices  to  make  the  prongs  of 
a  tuning-fork  approach  by  ^th  of  an  inch,  will  suffice,  if  applied  in 
the  opposite  direction,  to  make  them  separate  by  the  same  amount. 

An  important  consequence  which  can  be  mathematically  deduced 
from  the  laws  just  stated,  is  that  when  a  body  is  distorted  within 
its  limits  of  elasticity,  the  vibrations  which  ensue  when  the  constraint 
is  removed  have  periods  which  are  independent  of  the  magnitude 
of  the  distortion.  For  example,  a  common  C  tuning-fork  makes 
about  528  vibrations  in  a  second  whether  vibrating  strongly  or 
feebly ;  by  whatever  amount  the  prongs  are  made  to  approach  each 
other,  the  time  which  elapses  from  their  being  released  to  the 
attainment  of  their  greatest  separation  is  t^v  ^^  ^  second,  and 
the  same  time  elapses  from  their  greatest  separation  to  their  nearest 
approach.  The  sum  of  these  two  intervals,  -^^  of  a  second,  is  the 
period  of  a  complete  vibration;  and  during  the  whole  time  that 
the  vibrations  are  dying  away  until  the  fork  finally  comes  to  rest, 
this  period  remains  unaltered,  the  diminution  of  distance  moved 
being  exactly  compensated  by  the  increasing  slowness  of  the  motion. 

India-rubber  has  very  wide  limits  of  elasticity.  Glass  has 
sensibly  perfect  elasticity  up  to  the  limit  at  which  it  breaka 
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Putty  and  wet  clay  are  instances  of  bodies  which  are  almost 
entirely  destitute  of  elasticity. 

The  resistance  of  a  cylindrical  or  prismatic  bar  to  elongation 
or  flexure  is  measured  by  a  number  called  "Young's  modulus  of 
elasticity."  The  following  are  examples  of  its  value  for  different 
substances,  in  kilogrammes  per  square  millimetre: — 


FUnt-glasa, 5,861 

BrasB, 10,948 

Steel, 21,798 


Iron  (wrought), 19,994 

Do.  (cast), 13,741 

Copper, 12,558 


To  illustrate  the  meaning  of  this  table  by  the  case  of  steel;  a  steel 
wire  whose  section  is  a  square  millimetre  will  be  elongated  by  ^Trrff 
of  its  length  by  a  weight  of  one  kilogramme.  The  elongation 
is  inversely  proportional  to  the  section  and  directly  proportional 
to  the  stretching  weight;  so  that  a  steel  wire  whose  section  is  half 
a  millimetre  will,  when  stretched  by  a  weight  of  six  kilogrammes, 
receive  twelve  times  the  elongation  above  specified. 

The  resistance  of  a  cylindrical  or  prismatic  bar  or  beam  to  bending 
(called  its  flexural  rigidity)  is  proportional  to  the  value  of  Young's 
modulus  of  elasticity  for  the  material  of  the  bar  or  beam ;  so  that 
from  the  dimensions  of  the  bar,  the  value  of  this  modulus,  and  the 
magnitudes  and  directions  of  the  externally  applied  forces,  the 
amount  of  bending  could  be  calculated. 

The  resistance  of  a  cylindrical  rod  to  twisting  (called  torsional 
rigidity)  does  not  depend  upon  the  value  of  Young's  modulus,  but 
upon  an  entirely  distinct  element,  an  element  which  is  sometimes 
called  simply  "rigidity,"  and  which  expresses  the  resistance  which 
a  square  of  given  thickness  would  oppose  to  being  changed  by 
external  forces  into  a  rhombus  of  the  same  area,  having  angles 
differing  by  a  given  small  amount  from  right  angles. 

Elasticity  being  a  molecular  phenomenon,  it  is  to  be  expected 
that  all  circumstances  which  modify  the  molecular  constitution 
of  a  body  will  alter  its  elasticity ;  but  in  the  present  state  of  science 
it  is  impossible  to  predict  a  prioo^  the  natui-e  and  direction  of  the 
change,  the  effects  being  sometimes  opposite  for  different  substances. 
Thus  tempering  (that  is  to  say  heating  followed  by  sudden  cooling), 
which,  as  is  well  known,  augments  in  a  high  degree  the  hardness 
and  elasticity  of  steel,  produces  a  reverse  effect  on  the  bronze 
of  which  gongs  are  made.  This  alloy,  in  fact,  when  cooled  slowly, 
possesses  the  fragility  of  glass ;  whilst,  when  cooled  suddenly,  it  can 
be  wrought  with  the  hammer. 
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The  elasticity  of  springs  furnishes  a  simple  means  of  comparing 
forces.  Fig.  14  represents  an  apparatus  designed  for  this  purpose 
and  called  a  dyTianioTneter.  It  is  formed  of  two  plates  of  steel,  AB 
and  A'B',  jointed  at  their  extremities  to  two  metallic  bridles  which 
connect  them.  To  the  middle  of  the  upper  plate  is  attached  a  ring, 
by  means  of  which  the  apparatus  can  be  suspended  from  a  fixed 
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Fig.  14.— Dymunometer. 

point.  To  the  middle  of  the  lower  plate  is  attached  a  hook,  which 
can  either  receive  a  weight  or  serve  as  a  point  of  application  for 
the  force  which  is  to  be  tested.  Under  the  action  of  the  force  thus 
applied  the  spring  plates  bend,  the  distance  of  the  middle  points 
increases,  and  this  increase  serves  to  measure  the  force  itself;  or 
the  force  may  be  measured  by  observing  what  weight  must  be 
suspended  from  the  hook  to  produce  the  same  effect. 

The  spring-balance  is  another  apparatus  of  the  same  kind.  In  its 
most  common  form  it  contains  a  spiral  spring  which  is  elongated  by 
the  application  of  the  force  which  is  to  be  measured.  The  equality 
of  the  graduations  illustrates  the  law  above  stated  of  the  proportion- 
ality of  distortions  to  the  forces  producing  them.  The  resistance 
of  a  spiral  spring  to  elongation  depends  chiefly  (as  shown  by  Pro- 
fessor James  Thomson)  on  the  torsional  rigidity  of  the  wire  which 
composes  it. 

It  is  important  to  remark,  that  whereas  a  pair  of  scales  is  essen- 
tially a  measure  of  mass,  a  spring-balance  is  essentially  a  measure 
of  force.  Hence  if  a  spring-balance  be  graduated  so  as  to  show 
weights  correctly  at  a  medium  latitude,  it  will  indicate  too  little  if 
carried  to  the  equator  (where  the  force  of  gravity  is  feebler),  and 
too  much  at  the  poles  (where  gravity  is  more  intense). 


CHAPTER    IV. 


GRAVITY. 


24.  Terrestrial  gravity  is  the  force  in  virtue  of  which  all  bodies 
&HL  to  the  sur&ce  of  the  earth.  This  force  is  general;  its  effects  are 
observed  in  all  places  and  for  all  bodiea  If  some  of  these  latter,  as 
smoke  and  hydrogen  gas,  appear  to  be  exceptions,  it  is  because  they 
are  sustained  by  the  air  in  the  same  manner  as  cork  is  sustained  by 
water.  In  space  deprived  of  air,  not  only  do  all  bodies  fall,  but,  as 
we  shall  see  later,  they  fall  with  equal  velocities. 

25.  Direction  of  Gravity. — ^The  direction  of 
gravity  is  called  the  vertical  It  is  easily 
determined  by  the  aid  of  the  simple  ap- 
paratus called  a  plumb-line,  which  consists 
of  a  thread  fixed  at  one.  end  and  carrying  a 
heavy  body  at  the  other.  When  the  system 
is  in  equilibrium  it  is  clear  that  the  result- 
ant of  the  actions  of  gravity  on  all  the  parts 
of  the  heavy  body  has  exactly  the  same 
direction  as  the  thread,  since  it  is  this  which 
prevents  the  fall  But  it  can  be  shown  that 
this  direction  does  not  change  when  the  form 
and  volume  of  the  heavy  body  are  altered, 
it  must  therefore  be  the  same  as  the  direc- 
tion of  the  force  which  would  act  upon  one 
of  the  elementary  particles  if  suspended 
alone  at  the  extremity  of  the  thread 

It  can  be  shown  by  experiment  that  the 
direction  of  gravity  is  perpendicular  to  the  surface  of  a  liquid  in 
equilibrium,  or  to  use  the  common  expression,  to  the  surface  of  still 
water.     For  this  purpose  a  plumb-line  OA  is  suspended  over  the 
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Fig  15.— Plamb-Une. 


surface  of  a  fluid  in  equilibrium  (which  should  be  sliglitly  opaque, 
as  blackened  water),  aad  the 
plummet  is  allowed  to  plunge 
in  the  liquid.  The  im^e  AB 
of  the  thread  produced  by  re- 
flection at  the  surface  of  the 
liquid  will  be  seen  with 
great  distinctnesa,  and  will 
be  observed  to  be  exactly  in 
a  line  with  the  thread  itself 
Now  we  shall  see  in  a  sub- 
sequent part  of  this  trea- 
tise, that  whenever  reflec- 
tion takes  place  at  a  plane 
mirror,  each  point  of  the  ob- 
ject and  the  corresponding 
point  in  the  image  are  on 
the  same  perpendicular  to 
the  mirror  and  at  equal  dis- 
tances from  the  mirror  on  op- 
posite sides.  Since,  then,  in 
'"■  ",;.SlKrt,'S.t^^'C:««.~"'  theeiperimentheredescribed 
the  thread  and  its  image  are 
in  one  straight  line,  thU  line  must  be  perpendicular  to  the  Bur&c& 

The  surface  of  still  water  de- 
fines in  each  locality  what  in 
called  the  surface  of  the  earth. 
Tiiis  expression  denotes  the  sur- 
face of  an  imaginary  ocean  of 
calm  water  supposed  to  cover 
the  whole  earth.  This  surface 
is  known  to  be  sensibly  spheri- 
cal. It  follows  that  the  difl*e- 
rent  verticals  will  nearly  meet 
in  the  centre  of  the  earth.  The 
figure  shows  the  relative  posi- 
tion of  some  verticals  CZ,  CZ', 
CZ";  it  is  evident  that  they 
t        Fig  i,.-\ertiiai.Md.irertnti>ui™.  contalu  augles  equal  to  the  an- 

;{iilar  distance  which  separates  the  corresponding  placea 
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At  any  one  locality  all  verticals  may  be  treated  as  parallel,  on 
account  of  the  immense  distance  of  the  centre  of  the  earth.  Let  us 
calculate,  for  example,  the  angle  contained  between  two  verticals  a 
metre  (39*37  inches)  apart.  Ten  millions  of  metres  correspond  to  a 
quarter  of  the  earth's  circumference,  that  is  to  say,  to  90^  A  length 
of  a  metre,  therefore,  represents  90"^  divided  by  ten  millions,  that  is 
to  say,  about  ^^  of  a  second,  a  quantity  quite  inappreciable  even 
with  our  most  perfect  instrument&  It  should  be  remarked,  how- 
ever, that  the  parallelism  of  the  verticals  at  any  one  place  is  a 
physical  £Ekct,  completely  independent  of  all  previous  knowledge  of 
the  figure  of  the  earth,  and  can  be  established  by  direct  observation. 

We  may  remark  in  passing,  that  the  latitudes  of  places  on  the 
earth's  surfiwe  are  determined  by  the  directions  of  the  verticals. 
What  is  commonly  called  the  latitude  of  a  place  is  the  angle  which 
a  vertical  at  the  place  makes  with  a  plane  perpendicular  to  the 
earth  8  axis  of  rotation.  As  distinguished  from  this,  the  geocentric 
latitude  (which  is  required  in  a  few  astronomical  problems)  is  the 
angle  which  a  line  drawn  from  the  place  to  the  earth's  centre  makes 
with  a  plane  perpendicidar  to  the  axis  of  rotation.  The  difference 
between  common  and  geocentric  latitude  generally  amounts  to  some 
minutes,  and  attains  its  greatest  value  (IV  29'^)  at  latitude  45^ 

26.  Point  of  Application  of  Gravity— Centre  of  Gravity. — Gravity 
being  a  property  of  matter,  its  points  ^^^g^^k. 

of  application  must  evidently  be  the  dif-  ^^r^^^^^^ 

ferent  material  particles  which  compose        ^^^/  ^^fc 

each  body.     Though  a  body  be  divided     ^^  \         ^B 

into  as  many  parts  as  we  please,  and     ^^ttj^^  |  ^^Hf 

even  reduced  to  the  state  of  impalpable     '  ^^^iMjfllMW''^^' 
powder,  each  of  the  grains  thus  obtained  :  ;  I  : !    i  •     ij  I 

will  be  subject  to  the  action  of  gravity.  1 

The  total  force  which  urges  a  body  to  I 

&11  is  the  siun,  or  more  strictly,  the  re-  | 

sultant  of  aU  the  forces  which  are  thus  I 

actually  applied  to  its  several  elements.  p 

Now  these  forces  are  parallel,  as  has  just    Fig.  i8.^Panu«iimi  of  the  Foro«  of 

.  .     .     1  1         1     •       ii  !•  Gravity  on  the  different  PointB  of  a 

been  stated,  and  act  m  the  same  direc-        Body. 
tion;  their  resultant  is  therefore  equal  to 

their  sum,  and  it  constitutes  what  is  called  the  weight  of  the  body ; 
that  is  to  say,  the  force  with  which  it  presses  the  obstacle  which  pre- 
vents it  from  falling.     The  point  of  application  Q  of  this  resultant 
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(Fig.  18)  is  called  the  centre  of  gravity.  It  follows  from  the  pro- 
perty indicated  in  section  15,  that  the  position  of  this  point  does 
not  vary  when  the  direction  of  the  components  is  made  to  vary. 
The  body  can  therefore  be  turned  about  in  any  manner  without  the 
centre  of  gravity  changing  its  position  in  the  body.  It  is  a  fixed 
point  depending  only  on  the  form  of  the  body  and  the  distribution 
of  the  matter  which  composes  it 

If  the  body  has  the  same  density  throughout,  the  position  of  the 
centre  of  gravity  depends  only  on  the  figure,  so  that  in  this  case 
bodies  of  similar  form  have  their  centres  of  gravity  similarly  situated. 

The  detennination  of  the  position  of  the  centre  of  gravity  is  a 
problem  of  mechanics  which  is  solved  by  appropriate  methods  of 
general  application,  founded  on  the  principle  (to  which  we  can  here 
barely  allude),  that  if  a  body  be  divided  into  a  great  number  of 
equal  elements,  the  sum  of  their  distances  from  any  one  plane, 
divided  by  the  number  of  elements,  is  equal  to  the  distance  of  the 
centre  of  gravity  firom  the  same  plane. 

Whenever  a  body  of  uniform  density  contains  a  point  which  is  a 
centre  of  symmetry  (that  is,  a  point  which  bisects  all  straight  lines 
drawn  through  it),  this  point  must  be  the  centre  of  gravity.    Hence : 

1.  The  centre  of  gravity  of  a  straight  line  is  its  middle  point; 

2.  The  centre  of  gravity  of  a  circle,  or  of  the  circumference  of  a 
circle,  is  the  centre ; 

3.  The  centre  of  gravity  of  a  parallelogram  is  the  intersection  of 
the  diagonals ; 

4.  The  centre  of  gravity  of  a  sphere  is  its  centre ; 

5.  The  centre  of  gravity  of  a  cylinder  is  the  middle  point  of  its  axis ; 

6.  The  centre  of  gravity  of  a  parallelopiped  is  the  common  inter- 
section of  the  diagonals,  &c. 

It  may  naturally  be  asked  how  we  can  speak  of  centres  of  gravity 
of  Unes  and  surfaces,  which,  being  only  of  one  or  two  dimensions, 
cannot  possess  weight.  The  answer  is,  that  in  so  speaking  we  make 
an  abstraction  analogous  to  that  which  gives  us  the  idea  of  a  material 
point  We  suppose  lines  or  surfaces  composed  of  elements  possess- 
ing weight;  and  the  results  thus  obtained  can  be  utilized  in  investi- 
gating the  centres  of  gravity  of  real  bodies.  Consider,  for  example, 
a  triangular  prism.  It  can  be  conceived  as  decomposed  into  elements 
which  would  be,  so  to  speak,  heavy  trianglea  The  centre  of  gravity 
of  the  solid  would  therefore  be  in  the  line  which  joins  the  centres  of 
gravity  of  aU  these  triangles,  and  would  be  its  middle  point     We 
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may  say  then  that  the  centre  of  gravity  of  a  triangular  prism,  and 
in  general  of  any  prism,  if  composed  of  homogeneous  material,  is  the 
middle  point  of  the  line  which  joins  the  centres  of  gravity  of  the 
two  ends. 

We  must  guard  against  the  error  of  supposing  that  the  force  of 
gravity  on  a  body  acts  at  the  centre  of  gravity.  Gravity  really  acts 
equally  on  all  the  particles  of  the  body;  but  its  effect  is  in  many 
respects  the  same  as  that  of  a  single  imaginary  force  supposed  to  act 
at  the  centre  of  gravity. 

The  centre  of  gravity  sometimes  lies  outside  the  body,  as  in  the 
case  of  a  ring  or  a  hollow  sphere.  When  this  is  the  case,  it  must  be 
r^arded  as  rigidly  connected  to  the  body. 

27.  Physical  Definition  of  the  Centre  of  Gravity. — The  centre  of 
gravity,  regarded  from  the  mechanical  point  of  view,  is  in  reality 
merely  the  centre  of  parallel  forces  distributed  in  a  determinate 
manner.  Its  position  can  therefore  be  found  by  a  purely  geo- 
metrical investigation,  and  apart  from  any  physical  idea  of  the 
nature  of  bodies.  Nevertheless,  it  is  certain  that  the  discovery  of 
the  existence  of  centres  of  gravity  had  its  origin  in  the  consideration 
of  the  phenomena  of  equilibrium,  which  are  exhibited  by  bodies 
under  the  influence  of  gravity.  Experiment,  in  fact,  shows  that  in 
most  bodies  there  is  a  point  such  that,  if  it  be  supported,  the  body 
will  be  in  equilibrium,  and  if  it  be  not  supported,  the  body  will 
move  under  the  action  of  gravity.  This  point  is  the  centre  of 
gravity,  and  the  property  in  question  is  an  obvious  consequence  of 
the  mechanical  definition  already  given.  But  this  property  may 
itself  be  used  as  the  definition  of  the  centre  of  gravity  (though 
with  some  want  of  precision).  We  shall  thus  use  it  in  the  examina< 
tion  of  some  important  cases  of  equiKbrium. 

28.  Equilibrium  of  a  Body  capable  of  turning  about  an  Axis  or  a 
Fixed  Point. — Consider,  for  example,  a  triangular  plate  movable  about 
an  axis  of  rotation  O,  and  let  G  be  the  position  of  the  centre 
of  gravity.  In  order  that  there  may  be  equilibrium,  the  centre  of 
gravity  must  be  supported ;  that  is  to  say,  the  vertical  drawn  through 
it  must  meet  the  axis.  This  condition  may  be  fulfilled  by  two  very 
difierent  positions  of  the  body :  the  centre  of  gravity  may  be  either 
above  or  below  the  axia  In  the  former  case  (Fig.  20)  it  is  evident 
that  if  the  body  be  ever  so  little  displaced  from  its  position  of  equi- 
librium, the  effect  of  gravity  will  be  to  make  it  fall  stiU  further 
away.     In  the  second  case,  on  the  contrary  (Fig.  19),  the  action  of 


gravity  tends  to  restore  the  body  to  the  positioD  of  equilibrium.     In 
the  former  case  the  equilibrium  is  unstable;  in  the  latter  it  is  atable. 


Fii.  1>.— aubis  EqnUlbdnm. 


Fig.  SO,— UniUbh  Eqolllbriiui 


We  see  then  that  the  condition  of  stable  equilibrium  is  that  the 
centre  of  gravity  be  below  the  axis 
•i^  or  point  of  suspension. 

''  -^  *  The  toy  called  the  balancer  is  an 

application  of  this  principle.  It 
consists  of  an  ivory  figure  resting 
by  one  point  on  a  small  horizontal 
stand.  Two  stiff  wires  fixed  to  the 
ggure  terminate  below  in  leaden 
balls.  The  centre  of  gravity  of  the 
eysteiQ  is  thus  brought  below  the 
point  of  support;  the  equilibrium 
is  consequently  stable.  If  we  draw 
the  figure  to  one  side  and  then  re- 
lease it,  it  will  perform  a  series  of 
oscillations,  and  will  end  by  taking 
a  position  of  equilibrium  such  that 
the  vertical  through  the  centre  of 
gravity  passes  through  the  point  of 
support, 

'  If  a  body  were  traversed  by  an 
axis  through  its  centre  of  gravity, 

its  equilibrium  would  be  neutral,  and  the  body  would  remain  in 


EQUILIBBIUM  OF   BODIES.  37 

equilibrium  in  all  positions.  This  condition  ought  to  be  rigorously 
fulfillecl  by  the  wheels  of  pieces  of  mechanism  which  only  serve  to 
transmit  motion. 

39.  Equilibrium  of  a  Body  restiag  on  a  Horizontal  Plane  which 
touohes  it  in  one  Point — Consider   I'Figs.    22   and   23)   a  body   of 


Fig.  IL— CmWdio EquiUbrium.  Pig.  M— Stabl*  Eqombrium. 

ellipsoidal  form  resting  on  a  horizontal  plane.  In  order  that  there 
may  be  equilibrium  it  is  evidently  necessary  and  sufficient  that  the 
veriiical  through  the  centre  of  gravity  0  should  meet  the  horizontal 
plane  at  the  point  of  contact  We  see  by  the  figure  that  this  condi- 
tion may  be  realized  in  two  ways. 

The  first  figure  corresponds  to  unstable,  the  second  to  stable 
equilibrium.  The  figure  shows  that  in  the  latter  case  the  centre  of 
gravity  occupies  its  loroest  possible  position. 


The  tumbler  (Fig.  24)  is  founded  on  this  principle.  The  centre  of 
gravity  being  near  the  lower  side  in  consequence  of  the  accumulation 
of  matter  in  this  region,  the  apparatus  is  in  stable  equilibrium.     If 
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it  be  removed  from  iw  position  and  subjected  even  to  veiy  wide 
displacements,  it  always  rises  again  and  returns  to  it«  poeitioQ  of 
equilibrium  after  a  number  of  osciltationa 

If  the  centre  of  gravity  were  always  at  the  same  distance  from 
the  plane — if,  for  example,  the  body  were  spherical,  there  would  be 
equilibrium  in  all  positions, — the  equilibrium  would  be  neutral 

We  may  remark  in  general  that  a  position  of  unstable  equilibrium 
is  only  mathematically  possible;  it  never  can  have  a  physical  exist- 
ence; for  the  smallest  derangement  destroys  it,  and  in  nature  a 
multitude  of  causes,  such  as  the  movement  of  the  air,  the  flexibility 
of  supports,  k-c,  introduce  displacements  which  violate  the  conditions 
of  equilibrium.  If  there  be  any  actual  cases  of  such  equilibrium — 
if,  for  example,  it  is  possible  to  make  an  egg  stand  on  its  end,  it  is  by 
the  help  of  friction,  which  constitutes  a  new  force  tending  to  prevent 
displacement. 

SO.  Equilitviom  of  a  Body  resting  on  a  Horiiontal  Plane  at  several 
Points. — When  a  body  rests  on  a  horizontal  plane  at  several  points. 


Fl(.  S3.— EqniUbiiuni  of  ■  Bodf  nnianad  «  ■  BoriiODUl  Fluu  >t  time  or  BIOI*  PoIdU. 

it  is  necessary  for  equilibrium  that  the  vertical  through  the  centre 
of  gravity  fall  within  tha  convex  polygon  which  can  be  formed 
by  joining  the  points  of  support  It  is  clear  that  in  this  case 
gravity  will  have  no  effect  but  to  press  the  body  against  the 
plane.  It  is  also  obvious  that  the  equilibrium  will  be  the  more 
stable  as  the  centre  of  gravity  is  lower,  and  the  distance  of  the 
vertical  through  it  from  \,he  nearest  side  of  the  polygon  greater. 
If  this  vertical  is  very  near  one  side,  a  small  force  will  be  Bu£Gcient 
to  overturn  the  body  on  that  side,  although  a  very  great  force  may 
be  required  to  overturn  it  in  the  opposite  direction. 
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31.  Practical  Method  of  finding  the  Centre  of  Oravity.— The  dif- 
ferent methods  which  are  employed  in  practice  for  the  experi- 
mental determination  of  the  centre  of  gravity  are  dependent  on  the 
principles  above  explained.  Whatever  be  the  particular  nature  of 
the  proceeding,  it  always  consists  in  placing  the  body  in  a  position 
of  equilibrium  from  which  it  can  be  inferred  that  the  centre  of  gravity 
lies  in  a  certain  line  or  surface. 

Thus,  for  example,  if  we  suspend  a  body  by  one  point,  it  is  clear 
that  the  centre  of  gravity  must  lie  in  the 
prolongation  of  the  suspending  thread. 
If  we  then  suspend  the  body  by  another 
point,  a  similar  inference  follows.  Con- 
sequently, the  centre  of  gravity  must  be 
the  intersection  0  of  the  two  directions 
thus  indicated. 

If  we  wish,  for  example,  to  pierce  a 
plate  or  board  by  an  axis  which  is  to 
pass  through  its  centre  of  gravity,  we 
may  begin  by  balancing  it  in  a  horizontal 
position  upon  two  points  near  its  circum- 
ference. The  line  joining  them  will  pass 
vertically  under  the  centre  of  gravity. 
By  repeating  the  operation  we  may  find  a 

second  line  which  possesses  the  same  property,  and  the  required  axis 
must  pass  through  their  intersection  and  be  perpendicular  to  the  plate. 
Instead  of  balancing  the  plate  upon  two  points,  an  operation  which 
may  require  repeated  trials,  it  is  more  expeditious,  when  practicable, 
to  suspend  it  freely  in  a  vertical  position  by  a  point  near  its  circum- 
ference, and  to  suspend  a  plumb-line  from  the  same  point.  The 
course  of  this  line  must  be  marked  on  the  plate,  and  the  operation 
must  then  be  repeated,  using  a  different  point  of  suspension.  The 
intersection  of  the  two  lines  thus  obtained  will,  as  before,  be  opposite 
to  the  centre  of  gravity  of  the  plate.  Both  the  methods  described 
in  this  paragraph  are  applicable  even  to  plates  which  are  not  homo- 
geneous. 


Fig.  26.— Experimental  DetenniDAtion 
of  Centre  of  Qravitj. 


CHAPTER    V 


LAWS    OF    FALLING    BODIES. 


32.  In  air,  bodies  fall  with  unequal  velocities;  a  sovereign  or  a 
ball  of  lead  falls  rapidly,  a  piece  of  down  or  thin  paper  slowly.  It 
was  formerly  thought  that  this  difference  was  inherent  in  the  nature 
of  the  materials;  but  it  is  easy  to  show  that  this  is  not  the  case,  for 
if  we  compress  a  mass  of  down  or  a  piece  of  paper  by  rolling  it  into 
a  ball,  and  compare  it  with  a  piece  of  gold-leaf,  we  shall  find  that 
the  latter  body  falls  more  slowly  than  the  former.  The  inequality 
of  the  velocities  which  we  observe  is  due  to  the  resistance  of  the 
air,  which  increases  with  the  extent  of  surface  exposed  by  the 
body. 

It  was  Galileo  who  first  discovered  the  cause  of  the  unequal 
rapidity  of  fall  of  different  bodies.  To  put  the  matter  to  the  test^ 
he  prepared  small  balls  of  different  substances,  and  let  them  fall  at 
the  same  time  firom  the  top  of  the  tower  of  Pisa ;  they  struck  the 
ground  almost  at  the  same  instant  On  changing  their  forms,  so  as 
to  give  them  very  different  extents  of  surface,  he  observed  that  they 
fell  with  very  unequal  velocities.  He  was  thus  led  to  the  conclusion 
that  gravity  acts  on  all  substances  with  the  same  intensity,  and  that 
in  a  vacuum  all  bodies  would  fall  with  the  same  velocity. 

This  last  proposition  could  not  be  put  to  the  test  of  experiment 
in  the  time  of  Galileo,  the  air-pump  not  having  yet  been  invented. 
The  experiment  was  performed  by  Newton,  and  is  now  commonly 
exhibited  in  courses  of  experimental  physics.  For  this  purpose  a 
tube  from  a  yard  and  a  half  to  two  yards  long  is  used,  which  can  be 
exhausted  of  air,  and  which  contains  bodies  of  various  densities,  such 
as  grains  of  lead,  pieces  of  paper,  and  feathers.  When  the  tube  is 
full  of  air  and  is  inverted,  these  different  bodies  are  seen  to  fall  with 
very  unequal  velocities ;  but  if  the  experiment  is  repeated  after  the 
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tube  has  been  exhausted  of  air,  no  difference  can  be  perceived  between 
the  timea  of  their  descent. 

88.  Laws  of  Falling  Bodies. — Having  found  that  the  effect  of 
gravity  is  the  same  on  all  bodies,  Galileo  proposed 
to  himself  the  problem  of  determining,  by  experi- 
ments on  one  body,  the  law  which  regulates  their 
descent;  and,  inasmuch  as  the  observation  of  a  body 
falling  freely  is  very  difficult,  on  account  of  the 
rapidity  of  its  motion,  he  adopted  a  method  of 
diminishing  this  rapidity  without  in  other  respects 
altering  the  law  of  motion.  This  method  consisted 
in  the  use  of  the  inclined  plane. 

Consider,  in  fact,  a  heavy  body  M,  free  to  move 
along  the  inclined  plane  ABC.  The  weight  of  the 
body  M  being  represented  by  MP,  it  can,  (by  §  16), 
be  decomposed  into  two  other  forces,  viz.  MN  per- 
pendicular to  the  plane,  which  is  destroyed  by  the 
resistance  of  the  plane  itself,  and  MT  parallel  to 
the  plane,  which  alone  produces  the  motion.  Now 
this  latter  force  is  less  than  MP,  but  is  a  constant 
fraction  of  it,  for  at  all  points  in  the  plane  the  paral- 
lelogram offerees  will  have  the  same  form,  and  the 
ratio  of  MT  to  MP  will  be  constant.  (^This  ratio  is 
in  £su;t  the  same  as  that  of  the  height  AC  of  the 
plane  to  its  length  AB,  or  in  other  words  is  the  sine 
of  the  inclination  of  the  plane  to  the  horizon^  Tlie 
motion  will  therefore  be  less  rapid,  but  wiU  follow 
the  same  law  as  that  of  a  body  falling  freely,  and 
will  be  much  easier  to  observe.  The  diminution  of 
velocity  has  the  further  advantage  of  diminishing 
the  relative  importance  of  the  resistance  of  the  air, 

which     increases 
very  rapidly  with 
every  augmenta-  ^^'^^'r-ywrn^^* 
tion  of  velocity. 

The  inclined  plane  employed  by 
Galileo  consisted  of  a  long  ruler, 
with  a  longitudinal  groove,  along 
which  he  caused  a  small  heavy  ball  to  roll  Having  thus  observed 
the  spaces  traversed  in  1,  2,  and  3  units  of  time,  he  found  that  these 


Fig.  28.— Inclined  Plane. 
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apacee  were  in  the  ratio  of  the  nuinberB  1,  4,  and  9 ;  that  is  to  say, 
when  the  time  of  de- 
scent was  doubled  or 
tripled  the  space  tra- 
versed became  4  or  9 
times  greater.  This  law 
can  be  expressed  by  say- 
ing that  the  spaces  tra- 
vereed  ar^  proportioTud 
to  the  equares  of  the 
times  of  descent. 

&4.  Attvood's  Uadune. 
—  Attwood,  a  fellow 
and  tutor  of  Trinity 
College,  Cambridge,  in- 
vented, towards  the 
end  of  last  century,  a 
machine  which  affords 
great  facilities  for  veri- 
fying the  laws  of  falling 
bodiea  It  involves,  like 
Galileo's  inclined  plane, 
a  method  of  diminishing 
the  velocity  of  descent ; 
but  this  result  is  ob- 
tained by  very  different 
means. 

The  machine  condsts 
of  a  column,  having  at 
its  top  a  very  freely 
moving  pulley,  which 
forms  the  essential  part 
of  the  apparatus.  In 
order  to  obtain  great 
freedom  for  the  move- 
ments of  the  pulley,  the 
ends  of  its  axis  are  made 

_    ,^.^ to   rest,    not   on    fixed 

Fig.!».-Att-o«i'.K«hm..  supports,    but    on    Uie 

circumferences  of  wheels  (two  at  each  end  of  the  axis)  called  friction- 
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wheels,  because  this  urrangement  produces  a  great  diminution  of 
friction.  Over  the  pulley  passes  a  fine  thread,  carrying  at  its 
extremities  two  equal  weights  P.  Neglecting  the  weight  of  the 
thread,  it  is  obvious  that  these  weights  will  be  in  equilibrium  in 
every  position.  If  however  one  of  them  be  loaded  with  an  additional 
weight  py  the  system  will  be  put  in  motion,  and  all  parts  of  it  will 
move  with  the  same  velocity.  We  may  therefore  regard  the  moving 
force  as  distributed  uniformly  through  it.  But  this  force  is  simply 
the  weight  of  p.  If  then,  for  example,  the  movable  system  2  P  +  p 
has  20  times  the  weight  of  p,  each  portion  of  the  system  is  urged 
with  a  force  equal  to  -^  of  its  own  weight.  The  force  which  pro- 
duces motion  is  in  general  diminished,  as  compared  with  a  body 

falling  freely,  in  the  ratio  expressed  by  the  fraction  ^Y^ '  ^^^  ^^ 

this  ratio  continues  constant  through  the  whole 
motion,  the  law  of  the  motion,  will  be  the  same  as 
that  for  free  descent. 

The  following  are  the  arrangements  for  observ- 
ing the  motion: — One  of  the  weights  moves  in 
front  of  a  graduated  scale,  and  a  plane  stop  for 
intercepting  the  descending  weight  can  be  fixed  at 
pleasure  at  any  part  of  this  scale.  *  A  clock  with  a 
pendulum  beating  seconds  serves  for  the  measure- 
ment of  tima  To  measure  the  space  traversed  in 
a  second,  the  weight  is  raised  to  the  commence- 
ment of  the  graduation,  is  then  loaded  with  the 
additional  weight,  and  is  dropped  precisely  at  one 
of  the  beats  of  the  pendulum.  The  stop  is  placed 
by  trial  at  such  a  point  of  the  scale  that  the 
blow  of  the  weight  against  it  precisely  coincides 
with  another  beat  of  the  pendulum, — a  coincidence 
which  can  be  obtained  with  great  accuracy,  inas- 
much as  the  ear  easily  detects  the  smallest  interval 
between  the  two  sounds.  In  order  to  insure  a  ^^*  ^J;;^^^^^^  ^**^ 
similar  coincidence  at  the  commencement  of  the 
fall,  the  weight  is  supported  by  a  movable  platform  M  (Fig.  30), 
which  is  prevented  from  falling  by  the  upper  end  of  the  lever  ao6, 
whose  lower  end  is  guided  by  a  cam^  fixed  to  the  escapement  wheel 

'A  cam  is  a  rotating  piece  which,  by  means  of  projections  or  indentations  in  its  out- 
fine,  gmdes  ihe  movements  of  another  piece  which  presses  against  it. 
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of  the  clock,  and  is  kept  constantly  pressed*  against  the  cam  by 
means  of  a  spring  not  shown  in  the  figura  Suppose  the  wheel  to 
be  turning  in  the  direction  indicated  by  the  arrow.  It  is  obvious . 
that  as  soon  as  the  tooth  of  the  cam  has  passed  the  end  of  the  lever 
the  latter  will  fly  to  the  left,  and  therefore  the  upper  end  will  fly  to 
the  right,  since  the  lever  turns  about  an  axis  at  O.  The  platform  M 
is  thus  suddenly  dropped,  and  the  fall  commencea  The  position  of 
the  cam  must  be  so  adjusted  that  this  movement  shall  take  place 
exactly  at  the  instant  of  the  escapement  of  one  of  the  teeth. 

It  is  thus  easy  to  measure  the  spaces  traversed  by  the  movable 
system  of  weights  in  1,  2,  and  3  seconds,  and  the  result  obtained 
will  be  as  follows: — Suppose  that  in  the  first  second  the  space 
traversed  is  11  divisions,  then  we  shall  find: 

Space  traversed  in  2  secoDds =  44  =  11x2* 

Space  traversed  in  S  seconds =  99  =  11x3' 

Space  traversed  in  4  seconds =176  =  11  x4' 

We  see,  then,  that  the  spaces  vary  as  the  squares  of  the  times 
employed  in  describing  them.  If  we  use  the  indefinite  symbol  K 
to  denote  the  space  described  in  the  first  unit  of  time,  the  space 
described  in  the  time  t  wUl  be  given  by  the  formula 

»  =  K<2.  (1) 

35.  Telocities. — Attwood's  machine  also  aflbrds  the  means  of 
studying  the  successive  velocities  which  gravity  imparts  to  the 
system.  Before  describing  the  means  employed  for  attaining  this 
end,  it  will  be  desirable  to  make  a  few  remarks  respecting  velocity. 

When  a  material  point  moves  uniformly;  that  is  to  say,  when  it 
traverses  equal  spaces  in  equal  times,  the  meaning  of  velocity  is  per- 
fectly clear:  it  is  the  space  traversed  in  unit  time.  Thus,  if  a  point 
moving  uniformly  describes  2  feet  in  each  second,  we  say  that  the 
velocity  is  2  feet  per  second ;  or  if  it  is  understood  that  the  foot  and 
second  are  to  be  our  units  of  space  and  time,  we  simply  say  that  the 
velocity  is  2.  If  a  point  moving  uniformly  describes  5  feet  in  2 
seconds,  its  velocity  is  2i,  since  the  space  described  in  one  second 
must  be  half  that  described  in  two;  and  in  general,  in  any  case  of 
uniform  motion  of  a  point,  the  velocity  (in  feet  per  second)  will  be 
obtained  by  dividing  the  whole  space  (in  feet)  by  the  whole  time 
occupied  in  its  description  (in  seconds). 

But  uniform  motion  is  in  nature  the  exception  rather  than  the 
rule.     In  fact,  it  can  only  occur  when  the  moving  body  is  acted  on 
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either  by  no  forces  at  all,  or  by  forces  in  equilibrium.  This,  in  fact, 
is  merely  a  statement  of  the  principle  of  inertia.  When  a  body  is 
constantly  acted  on  by  a  force,  this  force  must  evidently  have  the 
effect  of  continually  modifying  the  motion,  and  consequently  the 
above  mode  of  computing  velocity  is  not  directly  applicable.  If, 
however,  we  suppose  the  action  of  the  force  suddenly  to  cease,  the 
motion  will  become  uniform,  and  the  velocity  during  this  uniform 
motion  wOl  serve  as  a  measure  of  the  velocity  which  existed  at  the 
instant  when  the  action  of  the  force  ceased. 

Attwood's  machine  contains  an  arrangement  for  thus  suddenly 
arresting  the  action  of  gravity  at  a  given  instant  For  this  purpose, 
a  ring  large  enough  to  aUow  either  of  the  two  equal  weights  to  pass 
through  it,  is  to  be  fixed  at  the  point  of  the  scale  at  which  the 
moving  weight  arrives  at  the  end  of  one  second.  The  additional 
weight,  which  for  this  purpose  is  made  long  and  flat,  is  intercepted 
by  the  ring,  and  the  subsequent  motion,  being  due  merely  to  the 
momentum  already  acquired,  will  be  uniform.  The  stop  is  to  be 
placed  at  the  point  at  which  the  weight  arrives  a  second  later.  The 
distance  between  the  ring  and  the  stop  will  then  represent  the  velo- 
city acquired  during  the  first  second.  Making  this  experiment 
under  the  same  conditions  as  the  foregoing  experiments  on  spaces, 
we  find  that  the  velocity  acquired  during  the  first  second  is  repre- 
sented by  22  divisions.  We  then  place  the  ring  at  the  point  at 
which  the  system  arrives  after  2,  3,  &c.,  seconds,  and  the  stop  at  the 
point  at  which  it  arrives  a  second  later;  we  thus  measure  the  velocities 
acquired  in  2,  3,  &c.,  seconds,  and  find  them  equal  to  44,  66,  &a  We 
see,  then,  that  the  velocities  acquired  i7i  different  times  are  proper- 
Honal  to  the  times.  Further,  the  velocity  acquired  in  one  second,  22 
(feet  per  second),  is  double  of  the  space,  11  (feet),  described  in  the 
first  second. 

In  formula  (1),  K  denotes  the  space  described  in  the  first  unit  of 
time ;  the  velocity  acquired  is  then  2K,  and  consequently  the  velo- 
city acquired  in  time  t  is  given  by  the  formula 

y  =  2Kt.  (2) 

36.    Attwood's  machine,  when  fitted  with  the  appliances  above 

"described,  leaves  little  to  be  desired  in  point  of  accuracy,  but  its 

complication  renders  it  expensiva    We  subjoin  a  figure  representing 

Bourbouze's  modification   of  Attwood's  machine,   which  is  much 

simpler.     AB  is  the  pulley,  on  the  axis  of  which  is  a  cylinder  P, 
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surrounded  witb  smoked  paper.  One  of  the  iron  weights,  M,  is  held 
at  the  bottom  of  the  apparatus  by  an  electro-magnet,  which  is  mag- 
netized by  meana  of  the  gal- 
vanic cell  O.  The  weight 
M',  loaded  with  the  additionaJ 
weight  N,  is  thus  prevented 
from  obeying  the  force  of 
gravity.  Again,  the  vibrating 
plate  L,  carrying  a  very  light 
style  for  tracing  a  mark  on 
the  smoked  cylinder,  is  held 
by  the  electro -magnet,  E', 
which  is  magnetized  by  the 
same  ceU.  If  at  any  moment 
the  current  is  interrupted,  the 
weight  M'  falls,  and  the  plate 
vibrates,  describing  an  undu- 
lated curve  on  the  surface  of 
the  cylinder.  The  undulations 
of  this  curve  correspond  to  the 
vibrations  of  an  elastic  body, 
and,  consequently,  to  equal 
times;  while  the  distance  of 
~  any  undulation  from  the  be- 

V       ginning  of  the  curve  is  equal 
to  the  distance  turned  by  the 
■— '~  '"^  cylinder  P,  and  is  consequently 

Pig.  si.-B™rb™»j.Modifl<«tionofAww<»d'.  proportiooal  to  the  distance 
travelled  by  the  weights. 
These  distances  are  found  to  he  exactly  proportional  to  the  series  of 
numbers  1,  4,  9,  &c.  The  ring  D  serves  to  intercept,  at  a  given 
instant  during  the  descent,  the  additional  weight  N ;  from  this  time 
onward  the  motion  is  uniform  and  the  undulations  of  the  curve  are 
equidistant 

Attwood's  machine,  however  modified,  gives  only  indirect  evidence 
regarding  the  motion  of  bodies  falling  freely.  Although  this  cir- 
cumstance cannot  affect  the  legitimacy  or  accuracy  of  the  conclusions 
to  which  it  leads,  it  would  be  interesting,  if  possible,  to  observe  the 
phenomenon  of  free  fall,  and  show  that  the  laws  Just  obtained  are 
verified.     This  is  the  object  of  Morin's  apparatus. 
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87.  Korin's  Appustna. — Morin's  apparatus  consists  of  a  woodeD 
cylinder  covered  with  paper,  which  can  be  set  in  uniform  rotation 
about  its  axis  by  the  fall  of  a  heavy  weight     The  cord  which  sup- 
ports the  -weight  ia  wound  upon  a  drum,  furnished  with  a  toothed 
wheel   which  works   on 
one  side  with  an  endless 
screw  on  the  axis  of  the 
cylinder,  and  on  the  other 
drives  aa  axis  carrying 
fans  which  serve  to  regu- 
late the  motion. 

In  fjvnt  of  the  turn- 
ing cylinder  ia  a  tylin- 
dro- conical  weight  of 
cast-iron  carrying  a  pen- 
cil whose  point  presses 
against  the  paj)er,  and 
having  ears  which  slide 
on  vertical  threads,  serv- 
ing to  guide  it  in  its  fall 
By  pressing  a  lever,  the 
weight  can  be  made  to 
fall  at  a  chosen  moment 
The  proper  time  for  this 
is  when  the  motion  of 
the  cylinder  has  become 
sensibly  uniform.  It  fol- 
lows from  this  arrange- 
ment that  during  its  ver- 
tical  motion   the  pencil 

will  meet  in   succession  ^   ..    .,  ■  .  .       .  '" 

the  different-  generating 

lines'  of  the  revolving  cylinder,  and  will  consequently  describe  on 
its  surface  a  certain  curve,  from  the  study  of  which  we  shall  be 

'  Tlut  is,  lines  drawn  on  the  aurface  of  the  cylinder  parallel  to  ita  »xa.  A  cylindric 
mr&ce  could  obviouily  be  deicribed  by  the  motioo  of  a  Btiught  line  in  space.  The  line 
»  moring  ia  ndd  to  generate  the  cylindric  surface,  and  the  different  podtiona  which  it 
moceBDVely  occupies  in  its  supposed  motion  are  called  generating  lines  of  the  cylinder. 
If  a  cylindric  surface  is  cut  open  along  a  generating  line  and  flattened  out  bo  aa  to  become 
plane,  ita  form  will  be  lectangular,  and  its  generating  lines  will  be  parallel  to  two  sides  of 
the  rectangle. 
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able  to  gather  the  law  of  the  £Bdl  of  the  body  which  has  traced  it 
With  this  view,  we  describe  (by  turning  the  cylinder  while  the 
pencil  is  stationary)  a  circle  passing  through  the  commencement  of 
the  curve,  and  also  draw  a  vertical  line  through  this  point.  We  cut 
the  paper  along  this  latter  line  and  develop  it  (that  is,  flatten  it  out 
into  a  plane).  It  then  presents  the  appearance  shown  in  Fig.  33. 
If  we  take  on  the  horizontal  line  equal  distances  at  1,  2, 3, 4,  5  .  .  .  , 

and  draw  perpendiculars  at  their  extremi- 
ties to  meet  the  curve,  it  is  evident  that 
the  points  thus  found  are  those  which  were 
traced  by  the  pencil  when  the  cylinder 
had  turned  through  the  distances  1,  2,  3, 
4,  6.  .  .  .  The  corresponding  verticals  re- 
present the  spaces  traversed  in  the  times 
1,  2,  3,  4,  5.  .  .  .  Now  we  find,  as  the 
16  figure  shows,  that  these  spaces  are  repre- 
sented by  the  numbers  1,  4,  9, 16,25  .  .  .  , 
thus  verifying  the  principle  that  the  spaces 
described  are  proportional  to  the  squares  of 
26  the  times  employed  in  their  description. 
We  may  remark  that  the  proportionality 
of  the  vertical  lines  to  the  squares  of  the 
horizontal  lines  shows  that  the  curve  is  a  parabola.  The  parabolic 
trace  is  thus  the  consequence  of  the  law  of  fall,  and  from  the  fact 
of  the  trace  being  parabolic  we  can  infer  the  proportionality  of  the 
spaces  to  the  squares  of  the  times. 

The  law  of  velocities  might  also  be  verified  separately  by  Morin's 
apparatus;  we  shall  not  describe  the  method  which  it  would  be 
necessary  to  employ,  but  shall  content  ourselves  with  remarking 
that  the  law  of  velocities  is  a  logical  consequence  of  the  law  of 
\  spaces.^ 
^  88.  FormulflB  relating  to  Falling  Bodies. — ^The  formuIsB  (1)  and  (2), 
§§  34,  35,  will  enable  us  to  obtain  numerical  solutions  of  questions 
relating  to  the  fall  of  bodies,  if  we  can  ascertain  the  spape  traversed 

^  Consider,  in  fact,  the  space  traversed  in  any  time  t,  this  space  is  given  by  the  formula 
9-Kt*;  during  the  time  t  +  ^  the  space  traversed  will  be  K(f  +  ^)*=K<' +  2K/^  +  K^', 
whence  it  follows  that  the  space  traversed  during  the  time  $  after  the  time  t  is2K/^+ 
K^'.  The  average  velocity  during  this  time  6  is  obtained  by  dividing  the  space  by  6, 
and  is  2Kt  +  K^,  which,  by  making  6  very  small,  can  be  made  to  agree  as  accurately  as 
we  please  with  the  value  2K^  This  limiting  value  2Kt  must  therefore  be  the  velocity  at 
the  end  of  time  t. — D. 


Fig.  SS.^Panibolic  Trace. 
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by  a  falling  body  in  one  second,  or  (which  will  be  numerically  double 
of  this)  the  velocity  acquired  in  one  second. 

The  several  forms  of  apparatus  which  we  have  been  describing 
furnish  the  means  of  making  this  determination,  but  not  with  much 
precision.  A  much  better  method  of  determination  is  furnished  by 
the  pendulum,  and  will  be  described  in  the  next  chapter. 

The  result  obtained  is  that  in  Great  Britain  the  velocity  acquired 
bj  a  body  falling  in  vacuo  for  one  second  is  32'2  feet  per  second,  or 
9*81  metres  per  second  The  velocity  in  question  is  usually  denoted 
by  the  letter  9,  and  is  sometimes  called  the  intensity  of  gravity, 
because  its  value  for  different  localities  varies  in  the  same  ratio  as 
tlie  force  exerted  by  gravity  on  one  and  the  same  mass,  and  may 
therefore  be  taken  as  the  numerical  representative  of  the  force  of 
gravity  on  unit  mas&^ 

The  space  traversed  during  the  first  second  of  fall  is  equal  to  ^  gr, 
that  is,  to  16i  feet. 

Introducing  g  into  the  formulse  (1),  (2),  they  become : 


Eliminating  t  from  the  equations  (a),  (6),  we  obtain  a  third  formula, 
which  gives  the  velocity  acquired  in  falling  through  a  given  space : 


V  =s  ^  2  g  $.  (c) 

39.  Applications. — I.  To  calculate  the  space  traversed  by  a  body 
which  falls  during  a  given  number  of  seconds.  This  will  be  found 
from  formula  (a)  by  putting  for  t  the  given  number  of  seconds. 
Performing  the  calculation  as  far  as  10  seconds,  we  obtain  the  fol- 
lowing table: — 


TISCK  or  PALL, 

in  Seconds. 

'1 

SPACE  TALLESt                  TIME  OP  PALL, 

in  Feet.                       in  Seoonda. 

SPACE  PALLEK, 

in  Feet. 

1  .     .     .     . 

2  .     .     .     . 
8      .     .     .     . 
4      ,     .     .     . 
6      .     .     .     . 

16-1 

64-4 

1449 

257-6 

402-5 

;  6    .... 

7      .... 
,8      .... 

9      .... 
1  10      .... 

579-6 

788-9 

1030-4 

1304-1 

1610-0 

II.  What  is  the  time  occupied  by  a  body  in  falling  from  a  height  of 
of  750  feet,  and  what  is  the  velocity  with  which  it  strikes  the  ground? 


^If  we  adopt  the  '^abeolate"  unit  of  force  defined  in  §  42,  the  force  of  gravity  on  unit 
wiU  be  numerically  equal  to  g. 
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Fonnulae  (a)  and  (c)  give : 

V     y        V     32-2 
V  =  y/'lg  i  =  V^*'-*  ^  760  =  219 '8  feet  per  second. 

III.  Froija  what  height  mu^  a  body  fall  to  acquire  a  velocity  of 
1 500  feet  per  second? 
Formula  (c)  gives : 

.  =  £!.  =  2M00?«  =  8«38  feet. 
2  g         64*4 

The  velocity  of  1500  feet  per  second  is  about  that  of  a  cannon-ball 
on  leaving  the  muzzle  of  the  gun.  We  see  that  it  would  be  obtained 
by  falling  from  a  height  of  about  6^  miles.  The  duration  of  the 
£edl  would  be  about  47  seconds.  It  must  be  borne  in  mind  that  the 
formuke  (a),  (6),  (c)  are  only  strictly  applicable  to  fall  in  vacuo.  In 
air  they  furnish  results  more  and  more  remote  from  the  truth,  as  the 
velocity  increasea 

In  vacuo,  a  body  thrown  upwards  from  the  earth  would,  on  its 
return,  strike  the  ground  with  a  velocity  equal  to  that  with  which 
it  was  thrown,  and  the  velocity  at  any  given  point  which  it  traverses 
both  in  its  upward  and  downward  course,  would  be  the  same  in  the 
descent  as  in  the  ascent.  We  see  then  from  above  that  a  cannon- 
ball  would  ascend  to  a  height  of  about  6^  miles.  In  air,  the  velocity 
is  slower  in  the  descent  than  in  the  ascent,  both  because  the  height 
attained  by  the  projectile  is  less  than  it  would  be  in  vacuo,  and  be- 
cause the  velocity  acquired  in  falling  from  this  diminished  height  is 
still  frirther  diminished  by  friction  in  the  descent. 

One  notable  difference  between  fall  in  vacuo  and  in  air  is,  that  in 
the  latter  case  the  velocity,  instead  of  increasing  indefinitely,  only 
increases  towards  a  certain  limit  which  it  can  never  exceed ;  and  if 
a  body  be  projected  downwards  with  a  velocity  greater  than  this, 
its  motion  will  be  retarded.  The  resistance  of  the  air,  in  £su3t,  in- 
creases with  the  velocity,  and  the  limit  in  question  is  that  velocity 
at  which  the  resistance  encountered  from  the  air  is  exactly  equal  to 
the  weight  of  the  body.  The  limiting  velocity  is  not  the  same  for 
aU  bodies,  but  depends  on  their  sizes,  densities,  and  forms. 

39a.  Motion  of  Projectiles. — When  a  body  is  projected  in  any  direc- 
tion, its  subsequent  motion  (neglecting  the  resistance  of  the  air) 
can  be  determined  by  means  of  the  following  principles : — 

1.  The  horizontal  component  of  motion  will  remain  unchanged. 
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2.  The  vertical  component  of  motion  will  be  the  sum  or  difference 
(according  as  the  body  was  projected  below  or  above  the  horizontal 
direction)  of  the  motion  of  a  body  falling  freely,  and  the  vertical 
component  of  the  initial  motion. 

These  principles  are  sufficient  to  determine  the  position,  the 
velocity,  and  the  direction  of  motion  of  the  body,  after  the  lapse  of 
any  given  interval,  until  it  strikes  an  obstacle. 

By  reference  to  Fig.  33,  it  wiU  easily  be  understood  that,  if  the 
direction  of  projection  be  horizontal,  the  curve  described  will  be  a 
parabola;  for,  in  virtue  of  the  first  principle,  the  body  describes 
equal  horizontal  distances  in  equal  times;  and  in  virtue  of  the 
second  principle  (since  the  vertical  component  of  initial  motion  is  in 
this  case  zero),  the  vertical  spaces  described  are  those  of  a  body  fall- 
ing freely ;  hence  the  construction  of  Fig.  33  is  precisely  applicable 
to  this  case. 

If  the  direction  of  projection  be  oblique  (that  is,  neither  horizontal 
nor  vertical),  the  path  wiU  still  be  parabolic.  For  example,  if  the 
body  be  projected  obliquely  upwards,  we  may  divide  its  path  into 
two  parts,  one  described  in  its  ascent,  the  other  in  its  descent.  These 
two  parts  will  be  precisely  similar,  and  at  the  highest  point  of  the 
path,  where  they  join,  the  motion  is  horizontal  We  may  regard  the 
curve  in  Fig.  33  as  representing  one  of  the  two  parts,  say  the  descend- 
ing part;  for  the  motion,  after  passing  the  highest  point,  must  evi- 
dently be  the  same  as  if  the  body  had  been  projected  horizontally 
from  the  highest  point  with  the  velocity  which  it  actually  has  at 
that  point.  This  velocity  is,  in  fact,  the  horizontal  component  of  the 
actual  velocity  of  projection. 

If  a  body  be  projected  vertically  downwards,  its  motion  wiU  be 
the  same  as  if  it  had  fallen  from  a  certain  height  above.  If  it  be 
projected  vertically  upwards,  the  times  of  ascent  and  descent  will  be 
equals  and  the  velocity  at  any  one  point  will  be  the  same  in  the  de- 
scent as  in  the  ascent.  At  the  highest  point  the  body  is  for  an  instant 
stationary ;  its  descent  is  therefore  the  motion  of  a  body  falling  freely. 
Formulae  (a),  (6),  (c)  of  §  38  wiU  apply  to  the  ascent  as  well  as  the 
descent^  if  in  the  former  case  we  understand  that  the  time  denoted 
by  ^  is  the  time  reckoned  backwards  from  the  instant  of  attaining 
the  highest  point 

Whether  the  motion  be  in  a  vertical  line,  or  in  a  parabola,  the  fol- 
lowing principle  will  be  found  to  apply,  being  in  fact  the  mathe- 
matical consequence  of  the  two  principles  already  enunciated^  viz. : — 
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The  velocity  is  the  same  in  the  ascent  and  descent  at  any  two 
points  which  are  on  the  same  level;  and  the  velocities  at  any  two 
points,  not  on  the  same  level,  are  connected  by  the  law  that  the  dif- 
ference of  their  squares  is  equal  to  the  difference  of  levels  multiplied 
by2flr. 

40.  Oomposition  of  Motions. — Principle  2  of  last  section  is  a  par- 
ticular case  of  the  following  general  law: — 

When  a  force  acts  upon  a  body  already  in  motion,  the  subsequent 
motion  will  be  obtained  by  compounding  (in  the  same  manner  as 
forces  are  compounded  by  the  parallelogram  of  forces)  the  motion 
which  the  force  would  have  imparted  to  the  body  if  initially  at  rest, 
with  the  motion  which  the  body  would  have  had  in  the  absence  of 
the  force.  The  law,  as  thus  stated,  is  applicable  without  qualification 
as  long  as  the  force  continues  to  act  parallel  to  a  definite  direction. 
In  the  case  of  forces  which  do  not  fulfil  this  condition,  but  gradually 
change  their  direction  in  space,  the  motion  may  be  approximately 
determined  by  dividing  the  time  into  intervals  so  short,  that  the 
direction  of  the  force  does  not  change  by  a  sensible  amount  during 
any  one  interval.  The  motion  in  each  interval  can  then  be  deter- 
mined by  the  above  law.  It  is  fi'eqnently  possible,  by  the  aid  of  the 
higher  mathematics,  to  foresee  the  exact  result  to  which  this  tedious 
method  would  only  approximately  lead,  but  the  physical  principles 
on  which  the  investigation  is  conducted  are  in  all  cases  those  Which 
we  have  above  indicated. 

41.  Uniform  Acceleration. — ^The  general  law  above  stated  is  ex- 
emplified in  the  case  of  gravity.  In  fact,  if  a  denote  the  space 
traversed  in  the  first  second  of  a  falling  body's  descent,  the  space  in 
two  seconds  is  4a,  and  consequently  the  space  traversed  in  the 
second  second  is  3a.  Now  the  velocity  at  the  end  of  the  first  second 
is  2a,  and  this  velocity,  if  it  remained  unchanged,  would  cause  the 
space  2a  to  be  traversed  in  the  next  second.  Hence  the  space  3a 
actually  described  may  be  divided  into  two  parts,  2a  and  a,  of  which 
the  latter  is  due  to  the  continued  action  of  the  force  of  gravity  during 
the  second  second. 

In  like  manner  the  space  described  in  the  third  second  is  9a  — 4a, 
that  is,  6a,  which  may  be  divided  into  two  parts,  4a  and  a,  of  which 
the  latter  alone  is  due  to  the  action  of  gravity  during  the  third 
second,  the  former  being  due  to  the  velocity  4a,  which  the  body 
possessed  at  the  end  of  the  third  second. 

So,  again,  the  velocity  acquired  by  the  body  in  the  first  second 
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being  2a,  the  velocity  at  the  end  of  any  subsequent  second  will  be 
found  to  be  the  sum  of  two  parts,  one  of  which  is  the  velocity  at  the 
beginning  of  the  second,  and  the  other  is  2a. 

Motion  possessing  these  properties  is  said  to  be  v/niformly  accele- 
rated; and  the  force  which  produces  it  is  a  uniformly  accelerating 
force,  that  is  to  say,  a  constant  force. 

The  force  of  gravity,  however,  is  sensibly  constant  only  within 
moderate  limits  of  distance  from  the  earth's  surface ;  as  we  ascend 
firom  the  earth  its  intensity  continually  diminishes,  being  nearly  pro- 
portional inversely  to  the  square  of  the  distance  from  the  earth's 
centre.  Hence  a  body  falling  in  vacuo  fropa  a  great  height  towards 
the  earth,  would  not  be  uniformly  accelerated,  but  would  experience 
continually  greater  acceleration  as  it  descended.  On  the  other  hand, 
if  there  were  a  vacuous  shaft  down  which  a  body  could  fall  to  the 
centre  of  the  earth,  it  would  fall  with  continually  diminishing  accele- 
ration, because  the  force  of  gravity  in  the  interior  of  a  solid  sphere 
diminishes  as  we  approach  the  centre,  and  becomes  zero  at  the  centre 
itself,  where  the  attractions,  being  equal  in  all  directions,  destroy  one 
another.  A  body  so  &lling  would  have  its  velocity  continually  in- 
creased, but  the  rate  of  increase  as  measured  by  the  difference  be- 
tween the  velocity  at  the  beginning  of  a  second  and  that  at  the  end 
of  it,  would  continually  become  lesa  The  words  italicized  in  last 
sentence  constitute  the  definition  of  acceleration.  It  denotes  the  rate 
of  increase  of  velocity,  j  ust  as  velocity  itself  denotes  the  rate  of  increase 
of  distance  measured  along  the  path  described  from  a  fixed  point. 

42.  Proportionality  of  Acceleration  to  Force  directly  and  to  Mass 
inversely. — ^The  general  law  of  motion  enunciated  in  §  40  may  be 
extended  to  the  case  of  several  forces  acting  simultaneously.  The 
actual  motion  wiU  be  obtained  by  compounding  (on  the  parallelo- 
gram principle)  the  motions  due  to  the  separate  forces  together  with 
the  motion  (if  any)  due  to  the  initial  velocity.  Just  as  two  forces 
acting  on  a  point  in  the  same  direction  are  equivalent  to  a  singld 
force  equal  to  their  sum;  so  two  motions  in  the  same  direction  con- 
stitute, when  compounded,  a  motion  equal  to  their  sum ;  and  this  is 
true,  both  as  regards  velocity  and  space  described.  Two  equal  forces 
acting  on  a  body  on  the  same  direction,  will  therefore  produce  in  any 
given  time  double  the  velocity  that  one  of  them  would  have  pro- 
duced alone.  We  are  thus  led  to  the  general  principle,  that  the 
velocities  produced  in  equal  bodies  by  different  forces  are  simply 
proportional  to  the  forces. 
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The  above  reasoning  is  not  oflTered  as  an  A  priori  proof  of  the 
general  principle  in  question,  but  as  a  logical  deduction  of  it  from  the 
law  of  composition  of  motions  due  to  several  forces.  The  propor- 
tionality of  velocity  to  the  force  which  produces  it  can  be  proved 
experimentally  by  Attwood's  machine,  and  in  other  ways ;  and  the 
law  of  composition  in  question  must  be  regarded  as  established  by 
the  experimental  verification  of  these  and  other  consequences  to 
which  it  leada 

From  the  direct  proportionality  of  velocity  to  the  force  by  which 
it  is  generated,  when  the  mass  is  given,  we  may  infer  the  invei^ 
proportionality  of  velocity  to  the  mass  which  is  set  in  motion,  when 
the  force  is  given.  For  instance,  if  we  double  the  mass,  leading  the 
force  unchanged,  we  may  resolve  the  force  into  two  equal  parts, 
acting  one  on  each  half  of  the  mass.  Doubling  the  mass  has,  there- 
fore, the  same  effect  on  the  motion  as  halving  the  force. 

The  velocity  generated  in  a  given  time  is  thus  proportional  to  the 
moving  force  divided  by  the  mass  moved ;  from  which  it  follows  that 
force  is  proportional  to  the  product  of  mass  by  velocity  generated  in 
a  given  time. 

When  force  is  expressed  in  terms  of  the  "absolute"  or  '^invariable" 
unit,  first  proposed  by  Gauss,  we  can  assert  that  the  moving  force  is 
equal  to  the  product  of  the  mass  moved,  and  the  velocity  generated 
in  a  unit  of  time.^  For  example,  since  the  force  of  gravity  on  a  body 
weighing  M  pounds  causes  it  to  acquire  a  velocity  of  g  feet  in  a 
second,  this  force  is  numerically  equal  to  M^,  it  being  understood 
that  the  pound  is  the  unit  of  mass,  and  the  foot  and  second  the  units 
of  space  and  time. 

That  the  pound  is  really  and  strictly  a  standard  of  mass  is  obvious 
from  the  consideration  that  the  standard  pound  is  a  certain  piece  of 
platinum,  preserved  at  the  office  of  the  Exchequer  in  London,  and 
that  this  piece  of  platinum  would  remain  a  true  pound  if  carried  to 
any  part  of  the  earth. 

At  any  one  place,  since  g  has  a  given  value,  the  masses  of  bodies 
are  proportional  simply  to  their  weights,  but  this  proportion  obviously 
does  not  hold  in  the  comparison  of  masses  at  places  where  the  values 
of  gr  are  different.  When  a  body  is  carried  about  to  different  parts  of 
space,  its  mass,  or  quantity  of  matter,  remains  of  course  the  same, 

^  The  absolute  unit  of  force  may  be  defined  as  that  force  which,  acting  on  unit  mass  for 
unit  time,  would  generate  unit  velocity.  The  force  of  gravity  on  unit  mass  contains  g  such 
units. 
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but  its  weight  alters  in  proportion  to  the  greater  or  less  intensity  of 
gravity; — ^for  instance^  at  the  centre  of  the  earth,  regarded  as  a 
uniform  sphere,  its  weight  would  be  nothing,  This  annihilation  of 
its  weight  would  in  no  way  affect  its  resistance  to  acceleration.  The 
difference  between  the  mass  of  a  baQ  of  cork,  and  that  of  a  ball  of 
lead  of  the  same  diameter,  could  in  such  circumstances  be  readily 
detected  by  the  different  resistances  which  they  would  oppose  to 
attempts  to  set  them  in  rapid  motion,  or  to  check  their  motion  when 
commenced. 

It  must  be  regarded  as  a  remarkable  fact,  and  one  which  could 
only  have  been  established  by  experiment,  that  the  two  modes  of 
comparing  masses  perfectly  coincide;  that  is  to  say,  two  bodies,  even 
though  composed  of  different  materials,  if  their  sizes  are  so  propor- 
tioned that  they  oppose  equal  resistances  to  acceleration,  will  also 
gravitate  with  equal  forces,  as  tested  by  their  balancing  each  other 
in  a  pair  of  scales.  This  principle  is  established  experimentally  by 
the  equal  velocities  of  fall  of  all  bodies  in  vacuo,  and,  with  much 
greater  accuracy,  by  the  equality  of  the  number  of  vibrations  made 
in  the  same  time  by  pendulums  of  the  same  size  and  form,  but  of 
different  materiala 
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43.  The  Pendulum. — When  a  body  is  suspended  so  that  it  can 
turn  about  a  horizontal  axis  which  does  not  pass 
through  its  centre  of  gravity,  its  only  position  of 
stable  equilibrium  is  that  in  which  its  centre  of 
gravity  is  in  the  same  vertical  plane  with  the  axis 
and  below  it  (§  28).  If  the  body  be  turned  into  any 
other  position,  and  left  to  itself,  it  will  oscillate  from 
one  side  to  the  other  of  the  position  of  equilibrium, 
until  the  resistance  of  the  air  and  the  friction  of  the 
axis  gradually  bring  it  to  rest.  A  body  thus  sus- 
pended, whatever  be  its  form,  is  called  a  pendulum. 
It  frequently  consists  of  a  rod  which  can  turn  about 
an  axis  O  at  its  upper  end,  and  which  carries  at  its 
lower  end  a  heavy  lens-shaped  piece  of  metal  M  called 
the  bob ;  this  latter  can  be  raised  or  lowered  by  means 
of  the  screw  V.  The  applications  of  the  pendulum  are 
very  important:  it  regulates  our  clocks,  and  it  has 
enabled  us  to  measure  the  intensity  of  gravity  and 
ascertain  the  differences  in  its  amount  at  different  parts 
of  the  world ;  it  is  important  then  to  know  at  least  the 
fundamental  points  in  its  theory.  For  explaining  these 
we  shall  begin  with  the  consideration  of  an  ideal  body 
called  the  simple  penduluTn. 

44.  Simple  Pendulum. — This  is  the  name  given  to  a 
pendulum  consisting  of  a  heavy  particle  M  attached  to 
one  end  of  an  inextensible  thread  without  weight,  the 
other  end  of  the  thread  being  fixed  at  A.     When  the 
Hg.  34.-penduiuin.  thread  is  vertical  the  weight  of  the  particle  acts  in 
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Fig.  86.— Motion  of  Simple 
Pendulum. 


the  direction  of  its  length,  and  there  is  equilibrium.  But  suppose 
it  is  drawn  aside'  into  another  position,  as  AM.  In  this  ease  the 
weight  MG  of  the  particle  can  be  resolved  into  two  forces  MC  and 
MH.  The  former,  acting  along  the  prolongation  of  the  thread,  is 
destroyed  by  the  resistance  of  the  thread ; 
the  other,  acting  along  the  tangent  MH, 
produces  the  motion  of  the  particle.  This 
effective  component  is  evidently  so  much 
the  greater  as  the  angle  of  displacement 
from  the  vertical  position  is  greater.  The 
particle  will  therefore  move  along  an  arc 
of  a  circle  described  from  A  as  centre,  and 
the  force  which  urges  it  forward  will  con- 
tinually diminish  till  it  arrives  at  the 
lowest  point  M'.  At  M'  this  force  is  zero, 
but,  in  virtue  of  the  velocity  acquired,  the 
particle  will  ascend  on  the  opposite  side, 
the  effective  component  of  gravity  being 
now  opposed  to  the  direction  of  its  motion ; 

and,  inasmuch  as  the  magnitude  of  this  component  goes  through  the 
same  series  of  values  in  this  part  of  the  motion  as  in  the  former  part, 
but  in  reversed  order,  the  velocity  will,  in  like  manner,  retrace  its 
former  values,  and  will  become  zero  when  the  particle  has  risen  to  a 
point  M''  at  the  same  height  as  M  It  then  descends  again  and 
performs  an  oscillation  from  M''  to  M  precisely  similar  to  the  first, 
but  in  the  reverse  direction.  It  will  thus  continue  to  vibrate  be- 
tween the  two  points  M,  M"  (friction  being  supposed  excluded),  for 
an  indefinite  number  of  times,  all  the  vibrations  being  of  equal 
extent  and  performed  in  equal  periods. 

The  distance  through  which  a  simple  pendulum  travels  in  moving 
from  its  lowest  position  to  its  furthest  position  on  either  side, 
is  called  its  amplitude.  It  is  evidently  equal  to  half  the  complete 
arc  of  vibration,  and  is  commonly  expressed,  not  in  linear  measure, 
but  in  degrees  of  arc.  Its  numerical  value  is  of  course  equal  to  that 
of  the  angle  MAM^,  which  it  subtends  at  the  centre  of  the  circle. 

The  complete  period  of  the  pendulum's  motion  is  the  time  which 
it  occupies  in  moving  from  M  to  M''  and  back  to  M,  or  more 
generally,  is  the  time  from  its  passing  through  any  given  position 
to  its  next  passing  through  the  same  position  in  the  same  direction. 

What  is  commonly  called  the  time  of  vibration,  or  the  time  of 
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a  single  vibration,  is  the  half  of  a  complete  period,  being  the  time 
of  passing  from  one  of  the  two  extreme  positions  to  the  other. 
Hence  what  we  have  above  defined  as  a  complete  period  is  often 
called  a  double  vibration. 

When  the  amplitude  changes,  the  time  of  vibration  changes  also, 
being  greater  as  the  amplitude  is  greater;  but  the  connection  between 
the  two  elements  is  very  far  from  being  one  of  simple  proportion. 
The  change  of  time  (as  measured  by  a  ratio)  is  much  less  than  the 
change  of  amplitude,  especially  when  the  amplitude  is  small;  and 
when  the  amplitude  is  less  than  about  5^  any  further  diminution 
of  it  has  little  or  no  sensible  effect  in  diminishing  the  tima  For 
small  vibrations,  then,  the  time  of  vibration  is  independent  of  the 
amplitude.     This  is  called  the  law  of  isochronism. 

The  time  of  a  single  vibration  when  the  amplitude  is  small  is 
expressed  by  the  formula: 

I  denoting  the  length  of  the  pendulum,  g  the  intensity  of  gravity, 
and  v  the  ratio  of  the  circumference  of  a  circle  to  the  diameter. 
As  regards  the  units  in  which  T,  2,  and  g  are  expressed,  it  must 
be  remarked  that  if  ^  is  expressed  in  the  usual  way,  as  in  §  38, 
I  must  be  expressed  in  feet,  and  the  value  obtained  for  T  will  be 
in  seconds. 

The  formula  shows  that  the  time  of  vibration  is  proportional 
to  the  square  root  of  the  length  of  the  pendulum,  so  that  if  the 
pendulum  be  lengthened  four,  nine,  or  sixteen  fold,  the  time  will 
be  doubled,  trebled,  or  quadrupled. 

45.  Experimental  Laws  of  the  Motion  of  the  Pendulam. — The  pre- 
ceding laws  apply  to  the  simple  pendulum;  that  is  to  say,  to  a 
purely  imaginary  existence;  but  they  are  approximately  true  for 
ordinary  pendulums,  which  in  contradistinction  to  the  simple  pendu- 
lum are  called  compound  pendulums.  The  discovery  of  the  experi- 
mental laws  of  the  motion  of  pendulums  was  in  fact^ong  anterior 
to  the  theoretical  investigation.  It  was  the  earliest  and  one  of 
the  most  important  discoveries  of  Galileo,  and  dates  from  the  year 
1582,  when  he  was  about  twenty  years  of  age.  It  is  related  that  on 
one  occasion,  when  in  the  cathedral  of  Pisa,  he  was  struck  with 
the  regularity  of  the  oscillations  of  a  lamp  suspended  from  the  roof, 
and  it  appeared  to  him  that  these  oscillations,  though  diminishing 
in  extent,  preserved  the  same  duration.      He  tested  the  fact  by 
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repeated  trials,  which  confirmed  him  in  the  belief  of  its  perfect 
exactnesa  This  law  of  isochronism  can  be  easily  verified.  It  is 
only  necessary  to  count  the  vibrations  which  take  place  in  a  given 
time  with  different  amplitudes.  The  numbers  will  be  found  to  be 
exactly  the  sama  This  will  be  found  to  hold  good  even  when  some 
of  the  vibrations  compared  are  so  small  that  they  can  only  be 
observed  with  a  telescope. 

The  time  of  vibration,  then,  does  not  depend  on  the  amplitude* 
and  neither  does  it  depend  on  the  material  of  which  the  pendulum 
is  composed.  From  this  last  fact  it  follows  that  gravity  acts  in 
precisely  the  same  manner  on  all  substances.  It  is  found,  in  fact, 
that  balls  of  the  same  size,  of  lead,  copper,  ivory,  &c.,  suspended  by 
threads  of  equal  length,  vibrate  in  the  same  time,  provided  they 
are  large  enough  to  escape  sensible  retardation  from  the  resistance 
of  the  air.  This  result  is  virtually  identical  with  that  of  Galileo's 
experiment  on  the  fall  of  bodies  (§  32),  and  enables  us  to  con- 
clude with  certainty  that  in  a  vacuum  these  different  pendulums 
would  vibrate  in  rigorously  equal  timea 

By  employing  balls  suspended  by  threads  of  different  lengths, 
Galileo  discovered  the  influence  of  length  on  the  time  of  vibration. 
He  ascertained  that  when  the  length  of  the  thread  increases,  the 
time  of  vibration  increases  also ;  not,  however,  in  proportion  to  the 
length  simply,  but  to  its  square  root. 

Knowing,  then,  that  the  length  of  the  pendulum  which  beats 
seconds  at  Paris  is  about  one  metre  (0*994),  we  see  that  a  pendu- 
lum 64?  metres  long  would  make  a  single  vibration  in  eight  seconds. 
This  is  about  the  length  of  the  pendulum  employed  by  Foucault 
at  the  Pantheon  in  his  celebrated  experiments  on  the  rotation  of 
the  earth. 

This  law  of  lengths  experimentally  discovered  by  Galileo,  is  pre- 
cisely that  which  the  formula  for  the  simple  pendulum  gives;  an 
agreement  which  it  was  natural  to  expect,  seeing  that  a  small  ball 
suspended  by  a  long  string  is  a  practical  approximation  to  the  idea 
of  a  simple  pendulum.  When,  however,  the  form  of  the  pendulum 
departs  widely  from  this,  the  meaning  to  be  attached  to  the  word 
length  ceases  to  be  obvioua  It  becomes  necessary  to  resort  to 
theoretical  investigations,  and  we  shall  briefly  indicate  the  results 
thus  obtained. 

46.  Equivalent  Simple  Pendnlnm. — It  is  demonstrated  in  treatises 
on  dynamics  that  a  compound  pendulum,  whatever  be  its  form, 
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always  keeps  time  with  a  simple  pendulum  of  some  determinate 
length — called  the  equivalent  simple  pendulum;^  and  whenever  the 
length  of  a  pendulum  is  mentioned,  it  is  the  length  of  the  equivalent 
simple  pendulum  that  is  to  be  understood. 

Any  rigid  body,  oscillating  about  a  fixed  horizontal  axis,  may  be 
regarded  as  a  compound  pendulum.  That  point  of  the  axis  which, 
in  the  position  of  equilibrium,  is  vertically  over  the  centre  of  gravity 
of  the  body,  is  called  the  centre  of  suspeTision;  and  if  we  join  thLs 
point  to  the  centre  of  gravity,  and  produce  the  joining  line  down- 
wards till  its  whole  length  is  equal  to  that  of  the  equivalent  simple 
pendulum,  its  lower  extremity  is  called  the  centre  of  oscillation. 
The  body  therefore  vibrates  in  the  same  manner  as  if  its  whole 
mass  were  collected  at  the  centre  of  oscillation.  This  point  is 
always  further  from  the  axis  than  the  centre  of  gravity,  and  it 
possesses  the  following  remarkable  property: — ^that  if  the  body  were 
made  to  vibrate  about  an  axis  passing  through  the  centre  of  oscilla- 
tion and  parallel  to  the  original  axis,  the  time  of  vibration  would 
be  the  same  as  in  vibrating  about  the  original  axis.  In  this  inverted 
position,  the  original  centre  of  suspension  becomes  the  new  centre 
of  oscillation,  and  the  original  centre  of  oscillation  becomes  the  new 
centre  of  suspension ;  hence  the  property  in  question  is  commonly 
called  the  convertibility  of  the  centres  of  oscillation  and  sus- 
pension}' 

This  important  property,  which  was  discovered  by  Huyghens, 
furnishes  an  accurate  method  of  determining  the  length  of  the 
simple  pendulum  equivalent  to  a  given  compound  pendulum.  This 
is  the  principle  of  Kater's  pendulum,  which  can  be  made  to  vibrate 
about  either  of  two  parallel  knife-edges,  one  of  which  can  be  adjusted 
to  any  distance  from  the  other.  The  pendulum  is  swung  first  upon 
one  of  these  edges  and  then  upon  the  other,  and,  if  any  difference 
is  detected  in  the  times  of  vibration,  it  is  corrected  by  moving  the 
adjustable  edge.    When  the  difference  has  been  completely  destroyed, 

^  Sometimes  the  isochronous  simple  pendulum;  but  it  seems  better  to  reserve  this 
adjective  and  the  corresponding  noun  isochronism  for  the  use  in  which  the  latter  has 
been  employed  in  §  44. 

^  The  names  centre  of  stupension  and  centre  of  oscillation  are  not  veiy  appropriate, 
inasmuch  as  the  properties  mentioned  in  the  text  are  properties  of  two  lines  rather  tlian 
of  two  points :  one  of  the  lines  being  the  axis  about  which  the  pendulum  swings,  and  the 
other  being  a  parallel  to  this  axis  in  the  plane  contuning  it  and  the  centre  of  gravity, 
and  at  a  distance  from  it  equal  to  the  length  of  the  equivalent  simple  pendulum.  If 
we  call  the  former  the  axis  of  suspension  and  the  latter  the  axis  of  oscillation,  we  may 
assert  that  the  axes  of  suspension  and  oscillation  are  convertible. 
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the  distance  between  the  two  edges  is  the  length  of  the  equivalent 
simple  pendulum.  It  is  necessary,  in  any  arrangement  of  this  kind, 
that  the  two  knife-edges  should  be  in  a  plane  passing  through  the 
centre  of  gravity ;  also  that  they  should  be  on  opposite  sides  of  the 
centre  of  gravity  and  at  unequal  distances  from  it 

We  see,  by  what  precedes,  that  the  laws  of  the  simple  pendulum 
are  applicable  to  any  pendulum,  if  we  understand  by  its  length 
the  length  of  the  equivalent  simple  pendulum,  or,  in  other  words, 
the  distance  between  the  axis  and  the  centre  of  oscillation. 

47.  Determination  of  the  Value  of  g. — Returning  to  the  formula  for 

the  simple  pendulum  ^='^ ^-,  we  easily  deduce  from  it  g=rj^' 

whence  it  follows  that  the  value  of  g  can  be  determined  by  making 
a  pendulum  vibrate  and  measuring  T  and  {.  T  is  determined  by 
counting  the  number  of  vibrations  that  take  place  in  a  given  time ; 
I  can  be  calculated,  when  the  pendulum  is  of  regular  form,  by  the 
aid  of  formulse  which  are  given  in  treatises  on  rigid  dynamics,  but 
its  value  is  more  easily  obtained  by  Eater's  method,  described  above, 
founded  on  the  principle  of  the  convertibility  of  the  centres,  of 
suspension  and  oscillation. 

48.  Variations  in  the  Intensity  of  Qravity. — Pendulum  observations, 
which  have  been  taken  in  great  numbers  in  various  places,  have 
established  the  result  that  the  intensity  of  gravity  varies  over  the 
surface  of  the  earth.  At  London  the  value  of  ^  is  321 82;  it  increases 
in  approaching  the  pole,  and  diminishes  in  going  towards  the  equator. 
These  variations,  however,  are  not  very  considerable,  as  the  following 
table  of  the  values  of  gr  shows: — 

Value  at  the  equator ^ 82'088. 

Value  in  latitude  45° 82171. 

Value  at  the  poles 82*258. 

Its  value  for  any  place  is  approximately  given  by  the  formula: — 

<7=82-088  (1  +  -005183  8in«\)  (l— ^  ), 

X  denoting  the  latitude  of  the  place,  h  the  height  above  the  level  of 
the  sea,^  and  R  the  earth's  radius,  which  is  20,900,000  feet     Local 

*  The  oorrectmg  factor  for  elevation  1 1 — -^\  is  proper  to  be  used  in  detennining  the 

Tilue  of  ^  in  mid-air ;  for  example,  in  the  positions  reached  by  balloons.  On  the  summit 
of  a  mountiun,  or  of  an  elevated  plateau  in  the  interior  of  a  continent,  the  value  of  ^  is 
greater  than  at  the  same  level  in  mid-air  above  the  ocean,  owing  to  the  attraction  of  the 
excess  of  land  which  projects  above  sea-leveL  See  a  paper  by  Dr.  Young  in  the  Phil. 
Trma.  for  1819. 
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peculiarities  prevent  the  possibility  of  laying  down  any  general 
formula  with  precision,  and  the  exact  value  of  g  for  any  place  can 
only  be  ascertained  by  observations  on  the  spot 

49.  Oentrifugal  Force. — There  are  two  distinct  causes  of  these  differ- 
ences in  the  intensity  of  gravity:  the  first  is  whab  is  called  cerdrifugal 

force.  Consider  a  material  point  M  attached  to 
the  extremity  of  a  thread  OM,  and  suppose  an 
impulse  to  be  given  it  in  a  direction  perpen- 
dicular to  the  thread.  At  each  instant,  in  virtue 
of  inertia,  the  point  tends  to  move  along  a  tan- 
gent to  the  circle ;  but  the  thread  prevents  this 
movement  from  taking  place,  by  drawing  the 


1h  point,  which  in  its  turn  reacts  on  the  thread  and 


Fig.  36  ^-Centrifugal       strctches  it  with  a  Certain  force  which  has  re- 

ceived  the  name  of  centrifugal  force.  It  is  clear 
that  we  may  dispense  with  the  thread,  if  we  suppose  an  attractive 
force  equal  to  that  which  the  thread  would  exert  directed  towards 
O.  This  force,  which,  by  combining  its  effect  with  that  of  the 
initial  impulse,  would  produce  circular  motion,  is  called  centripeixil 
force.     It  is  evidently  equal  and  opposite  to  centrifugal  force. 

The  amount  of  the  centripetal  force  in  any  given  case  of  circular 
motion  can  be  easily  calculated.  Let  MP  represent  the  space  which 
the  material  point  would  describe  in  a  certain  small  time  t  under 
the  action  of  the  centripetal  force  alone.  This  motion,  combined 
with  the  motion  due  to  the  velocity  which  the  particle  possessed 
at  M,  gives  the  actual  motion  in  the  arc  MM',  provided  that  the 
time  considered  and  the  distance  moved  in  that  time  are  so  small 
that  the  directions  of  the  centripetal  forces  at  M  and  M'  are  sensibly 
parallel — ^in  other  words,  provided  the  arc  MM'  is  very  small  in  com- 
parison with  the  radius  OM.  In  this  case,  by  §  40,  PM',  or  rather 
a  line  equal  and  parallel  to  it  drawn  through  M,  represents  the  space 
due  to  the  velocity  which  the  point  had  at  M,  and  is  therefore  equal 
to  vt^  V  denoting  the  velocity.  Now  if  we  denote  by  ^  the  accelera- 
tion due  to  the  centripetal  force,  this  acceleration  may  be  regarded 
as  uniform  during  the  time  t,  and  we  have  by  §  38,  MP=i0f^ 

whence  0=  -j-.  But  PM'^  that  is  vH^,  is  (by  Euclid,  iii.  35)  equal 
to  2r.MP,  r  denoting  the  radius  of  the  circle;  therefore  —^  is  equal 
to  -.      Consequently  0  =  -;  that  is,  the  centripetal  force  upon  a 
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particle  revolving  with  velocity  v  (feet  per  second)  in  a  circle  of 
radius  r  (feet)  is  equal  to  a  force  which,  acting  continuously  upon 
the  same  particle  initially  at  rest,  would  in  one  second  give  it  a 

velocity  of  -.     The  centripetal  force  upon  a  mass  of  m  pounds  is 

—  Gaussian  pound  units  (42),  and  is  equal  to  the  weight  of  — 

pounds. 

When  the  circular  movement  is  uniform,  we  can  give  the  formula 
for  ^  a  more  convenient  form.  In  fact  if  we  denote  by  T  the  time 
of  revolution,  and  by  v  the  ratio  of  circumference  to  diameter,  we 

,  2irr         J  ir*      4irV 

havei  =  -^,  and  0=-=  rp. 

Suppose,  for  example,  a  weight  of  50  pounds  attached  to  one  end 
of  a  string  3  feet  long,  and  revolving  uniformly  in  a  circle  about 
the  other  end  of  the  string,  at  the  rate  of  40  revolutions  per  minute. 
The  time  of  revolution  is  here  f  of  a  second,  and  the  force  required 
to  be  exerted  by  the  string  is  equal  to  the  weight  of 

^Xiv^XiX 3=817  pounds ; 

and  if  the  string  be  not  strong  enough  to  bear  this  weight  it  will 
break,  and  the  body  will  fly  off  at  a  tangent 

50.  Different  Effects  of  Oentriftigal  Force. — Several  experiments  on 
centrifugal  force  are  exhibited  in  courses  of  physics.  For  example, 
a  rod  AB  (Fig.  37),  passing  through  two  ivory  balls  M,  M',  is  set  in 
rotation  in  a  horizontal  plane  by  means  of  the  mechanism  shown  in 
the  figure.  The  balls  are  then  seen  to  move  towards  the  extremities 
of  the  rod.  If  a  spring  is  placed  beside  one  of  the  balls  M',  as  shown 
in  the  figure,  it  will  be  pressed  with  a  force  which  is  precisely  equal 
to  the  centrifugal  force  of  the.  balL 

The  centrifugal  railway  (Fig.  38)  shows  a  curious  effect  of  this 
force  A  carriage,  starting  from  A,  descends  the  inclined  rails, 
and  by  following  the  course  of  the  rails,  which  here  forms  a  spiral 
convolution,  to  B,  rises  to  C,  and  descending  again  on  the  side  next 
A,  passes  on  the  further  side  of  B  and  finally  arrives  at  D.  There 
is  therefore  an  instant  in  the  motion  when  the  carriage  is  bottom 
upwards  at  the  top  of  the  convolution,  and  remains  in  contact  with 
the  rails  in  opposition  to  the  force  of  gravity.  The  explanation 
is  easy.  The  carriage  attains  a  certain  velocity  in  descending 
the  incUne  which  forms  the  first  portion  of  its  path.  In  virtue  of 
its  inertia  it  tends  to  move  with  this  velocity  in  a  tangential  direc- 
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tion,  but  beiDg  compelled  to  follow  the  curved  raila  which  lie  in 
its  way,  it  reacts  upon  them  with  a  force  whose  amount  is  given 


IT. — Ceiitdfh^-fan*  A^fivatiiL 


by  the  formula  of  last  section.     If  the  point  A  is  sufficiently  elevated 
above  C,  this  force  will  prevail  over  the  weight  of  the  carriage 


Fig.  38.— CeuRiftig*]  II 


and  keep  it  pressed  against  the  rails.  It  may  be  easily  shown  that 
to  secure  this  result  the  height  of  A  above  B  must  be  to  the  height 
of  C  above  B  in  a  greater  ratio  than  5  to  4. 
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If  the  apparatus  shown  in  Fig.  89,  consisting  of  a  kind  of  sphere 
formed  of  four  flexible  springs,  be  mounted  on  the  whirling  table 
and  made  to  revolve,  it  will  be 
seen  to  become  flattened,  the  effect 
being  more  decided  as  the  rota- 
tion is  more  rapid.  This  result  is 
due  to  centrifugal  force,  which 
^ves  all  parts  of  the  springs  a 
tendency  to  recede  from  the  axis 
of  rotation,  and  especially  those 
parts  which  are  already  most  dis- 
tant from  it  This  experiment  may 
be  regarded  as  illustrating  the  man- 
ner in  which  the  earth,  when  in  a 
fluid  state,  acquired  its  present 
form,  bulging  at  the  equator  and 
flattened  at  the  poles. 

51.  The  influence  of  centrifu- 
gal force  in  modifying  the  eflect 
of  gravity  is  easily  deduced  from 
whatprecedea  The  various  bodies 
which  are  on  the  surface  of  the 
earth  are  retained  upon  it  by 
gravity,  and  a  certain  portion  of 

the  force  of  gravity  is  expended  m  constraining  them  to  move  in 
circular  paths.  The  modification  thus  produced  in  the  apparent  force 
and  direction  of  gravity  is  the  same  as  if  a  force  equal  and  opposite 
to  the  force  thus  expended  were  compounded  with  the  force  of 
gravity  proper;  that  is  to  say,  apparent  gravity  is  the  resultant  of 
gravity  proper  and  centrifugal  force.  * 

At  the  equator,  centrifugal  force  is  directly  opposed  to  gravity 
proper,  and  is  therefore  to  be  simply  subtracted  from  it.  Let  r 
be  the  earth's  radius,  T  the  length  of  a  sidereal  day  (or  the  time  of 
the  earth's  revolution),  then  the  intensity  of  centrifugal  force  at 

Putting  for  2irr,  or  the  earth's  circum- 
ference, its  value  in  metres,  viz.  40,000,000,  and  for  T  its  value 
in  seconds,  86»164,  we  obtain  for  the  intensity  in  question  the  value 
"033.  Now  the  intensity  of  gravity,  expressed  with  reference  to  the 
metre  and  second  as  units,  is  about  9*8.     Hence  centrifugal  force  at 


80.  Oblatenm  of  the  Earth. 


the  equator  is  -ijs  =    rp   ■ 
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the  equator  is  gjgy  or  about  -y  Vc  ^^  ^^^  f<^^<^®  ^^  gravity,  and  apparent 
gravity  is  less  than  gravity  proper  at  the  equator  by  this  amount 
The  exact  amount  of  diminution  is  more  nearly  -y^  of  gravity 
proper;  and  since  289  is  the  square  of  17,  and  centrifugal  force  varies 
as  the  square  of  the  velocity,  we  see  that  if  the  rate  of  the  earth's 
revolution  were  increased  seventeenfold,  bodies  at  the  equator  would 
lose  their  weight. 

As  we  recede  from  the  equator,  the  intensity  of  centrifugal  force 
diminishes  because  the  distance  from  the  earth's  axis  diminishes; 
and,  at  the  same  time,  the  direction  of  centrifugal  force,  being  always 
perpendicular  to  this  axis,  becomes  less  directly  opposed  to  gravity, 
so  that  only  one  of  its  two  components  is  subtractive.  For  this 
double  reason,  the  effect  of  centrifugal  force  in  diminishing  the 
apparent  force  of  gravity  becomes  continually  less  as  we  recede 
from  the  equator.  As  far  then  as  the  disturbing  effect  of  cen- 
trifugal force  is  concerned,  the  apparent  intensity  of  gravity  should 
be  least  at  the  equator,  and  should  continually  increase  towards 
the  poles. 

We  may  add  that  centrifugal  force  (except  at  the  equator)  affects 
not  only  the  amount,  but  also  the  direction,  of  apparent  gravity, 
since  the  resultant  of  two  forces  which  are  not  directly  opposed  does 
not  coincide  in  direction  with  either  of  them.  The  angle  which  the 
actual  vertical  (indicating  the  direction  of  apparent  gravity),  makes 
with  the  direction  which  the  vertical  would  have  if  the  earth  were 
at  rest,  varies  with  the  latitude;  at  Paris,  where  its  value  is  nearly  a 
maximum,  it  is  between  5  and  6  minutes. 

62.  Universal  Qravitation,  Earth's  Mean  Density. — Terrestrial  gravi- 
tation is  only  a  particular  case  of  universal  gravitation.  Newton 
established,  by  researches  extending  over  more  than  twenty-five 
years,  that  the  movements  of  the  planets  around  the  sun,  and  of 
the  satellites  around  the  planets,  could  be  explained  by  assuming 
the  existence  of  a  mutual  attraction,  which,  taken  in  conjunction 
with  an  initial  impulse,  determines  the  paths  which  these  bodies 
describe.  This  attraction  is  jointly  proportional  to  the  masses  of 
the  mutually  attracting  bodies,  and  varies  inversely  as  the  square 
of  their  mutual  distance.  By  the  aid  of  this  assumption,  astronomers 
have  succeeded  not  only  in  explaining  all  the  diversities  of  motion 
which  the  solar  system  exhibits,  but  in  calculating  the  positions  of 
the  celestial  bodies  at  distant  times,  both  past  and  future,  with  mar- 
vellous accuracy.     The  study  of  the  movements  of  the  heavenly 
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bodies,  which  has  thus  been  reduced  to  a  branch  of  applied  mathe- 
matics, is  called  Physical  Astronomy. 

It  is  therefore  natural  to  look  upon  terrestrial  gravity  as  a  par- 
ticular case  of  universal  gravitation,  and  to  regard  the  fall  of  a  body 
as  a  consequence  of  the  attraction  exerted  on  it  by  the  different  parts 
of  the  terrestrial  globe.  This  identity  is  in  fact  established  by 
numerous  proofs.  Now  it  is  obvious  from  the  symmetry  of  the 
component  attractions,  that  the  resultant  attraction  of  a  sphere  ex- 
erted at  kny  point  of  its  surface  must  be  in  the  direction  of  the 
radius,  and  must  therefore  be  perpendicular  to  the  surface — ^a  result 
which  our  every- day  experience  confirms  in  the  case  of  the  earth's 
gravitation.  Theory  also  shows  that  the  attraction  of  au  oblate 
spheroid  is  greater  at  the  poles  than  at  the  equator.  In  fact, 
taking  into  account  both  the  oblateness  of  the  earth  and  centri- 
fiigal  force,  theory  agrees  with  observation  in  indicating  that 
apparent  gravity  increases  in  going  from  the  equator  towards  the 
poles  by  an  amount  proportional  to  the  square  of  the  sine  of  the 
latitude 

The  hypothesis  of  attraction  then  explains  all  the  phenomena  of 
gravity :  we  may  add  that  the  existence  of  attraction  at  the  surface 
of  the  earth  has  been  experimentally  demonstrated.  Maskelyne, 
Hutton,  and  Playfair,  in  the  celebrated  Schiehallien  experiment, 
proved  that  the  plumb-line  experienced,  on  either  side  of  the  mountain 
of  that  name,  a  deviation  towards  the  mountain ;  and  a  similar  result 
was  established  by  Sir  Henry  James  at  Arthur's  Seat,  near  Edinburgh. 
Cavendish,  by  means  of  a  very  sensitive  torsion-balance,  showed 
that  two  lai^e  spheres  of  lead  exercised  a  sensible  attraction  upon 
two  small  spheres,  and  was  able  to  measure  the  amount  of  this 
attraction  so  precisely  as  to  deduce,  from  the  comparison  of  it  with 
the  earth's  attraction,  that  the  mean  specific  gravity  of  the  earth  is 
5"5.  Cavendish's  experiment  has  been  repeated  by  Eeich  in  Geimany 
and  by  Baily  in  this  country,  with  nearly  coincident  resulta  The 
Schiehallien  experiment,  which  was  the  earliest  attempt  to  determine 
the  earth's  mean  density,  gave  5  for  the  result,  and  Mr.  Airy's  ex- 
periment at  Harton  Colliery  gave  a  result  exceeding  6.  Baily's 
result,  obtained  by  Cavendish's  method,  with  some  improvements  in 
the  details,  is  generally  accepted  as  the  best  determination;  it  is 
5-67. 

S3.  Variation  of  Gravity  with  Height. — It  follows  from  the  identity 
of  attraction  and  gravity  that  this  force  diminishes  as  we  rise  above 
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the  earth's  surface,  but  the  heights  with  which  we  Gommonly  have  to 
do  in  our  experiments  are  so  small  in  comparison  with  the  earth's 
radius  that  the  resulting  differences  of  force  are  quite  inappreciable. 
In  the  case,  however,  of  large  differences  of  height,  the  variation  of 
force  can  be  detected ;  for  instance,  it  is  easy  to  establish  experiment- 
ally that  the  intensity  of  gravity  is  less  on  the  summit  of  a  mountain 
than  at  its  base.  Theory  shows  that  the  attraction  of  a  sphere  upon 
external  points  is  the  same  as  if  its  mass  were  collected  at  the  centre. 
Presuming  this  to  be  true  in  the  case  of  the  earth,  it  may  be  shown 
that,  in  ascending  to  any  height  above  the  earth's  surface  which 
is  smaU  in  comparison  with  the  earth's  radius,  the  diminution  in  the 
force  of  gravity  is  twice  as  great  in  comparison  with  the  whole  force 
of  gravity  as  that  height  is  in  comparison  with  the  earth's  radius 

This  explains  the  origin  of  the  factor  1  -  -^  in  the  formula  of  §  48. 

In  penetrating  into  the  interior  of  the  earth,  the  law  of  the  varia- 
tion of  gravity  is  more  complex.  If  the  earth  were  homogeneous, 
its  attraction  would  continually  diminish  in  penetrating  towards  the 
centre,  and  would,  if  the  earth  were  also  truly  spherical,  be  simply 
proportional  to  the  distance  from  the  centre.  But  in  fact  the  density 
is  greater  in  the  central  than  in  the  superficial  parts  of  the  earth,  the 
mean  density  being,  as  we  have  seen,  about  5*7,  while  the  density 
of  the  superficial  beds  is  only  about  3.  This  augmentation  of  density 
tends  to  increase  the  attractive  force  as  we  descend;  and  it  will 
depend  upon  the  law  according  to  which  the  density  varies  which  of 
these  two  opposite  tendencies  will  prevaiL  Mr.  Airy,  in  his  experi- 
ment at  Harton  Colliery,  found  the  intensity  of  gravity  at  the 
bottom  of  the  mine,  1256  feet  below  the  surface,  to  be  greater  than 
at  the  surface  by  about  one  part  in  19,000.  Supposing  that  similar 
results  would  be  obtained  in  other  places,  it  follows  that,  in  penetrat- 
ing the  earth,  gravity  must  go  on  increasing  from  the  surface  down 
to  a  certain  depth,  where  it  becomes  a  maximum,  and  fi*om  which  it 
decreases  down  to  the  earth's  centre,  where  it  becomes  zero,  the 
equal  and  opposite  attractions  there  destroying  one  another. 

53  a.  Simple  Vibrations. — ^The  motion  of  a  pendulum  vibrating 
in  a  small  arc,  may  be  taken  as  the  type  of  a  class  of  motions  ■ 
which  very  extensively  prevail  in  nature,  and  are  of  great,  import- 
ance in  many  departments  of  physical  science.  They  have  been 
called  by  different  writers  aimple  vibratioTia,  pendulum-like  vibra- 
tionSy  ai/mnlike  vibraticms,  and  aimple  Jva/rmonic  motions.     We  shall 
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employ  the  first  of  these  designations,  and  define  a  simple  vibratioii 
to  be  the  movement  of  a  point  to  and  &o  along  one  line  (not  neces- 
sarily straight),  with  acceleration  simply  proportional  to  the  distance 
of  the  point  from  the  bisection  of  this  line.  If  the  line  of  motion  be 
curved,  the  distance  is  to  be  measured  along  the  curve,  and  in  this 
case  the  acceleration  referred  to  is  the  tangential  acceleration 
along  this  curva  In  every  case,  and  in  all  parts  of  the  motion, 
the  acceleration  of  the  moving  point  urges  it  towards  the  middle 
point  of  its  path,  becoming  zero  only  at  the  instant  of  passing  this 
middle  point  In  the  majority  of  cases  that  require  to  be  considered, 
the  line  of  motion  is  straight,  or  approximately  straight. 

As  examples  of  simple  vibrations,  we  may  instance,  in  addition  to 
that  of  a  pendulum  above  quoted,  the  motion  of  a  point  on  either 
prong  of  a  tuning-fork,  or  of  a  point  in  a  musical  string,  when  vibrat- 
ing so  as  to  produce  a  pure  note.  In  these  cases,  the  force  urging 
any  point  of  the  fork  or  string  towai'ds  the  position  of  equilibrium, 
varies  directly  as  the  distance  of  the  point  at  any  time  from  this 
position,  and  by  the  second  law  of  motion  acceleration  is  proportional 
to  force. 

In  the  case  of  the  simple  pendulum  (§  43),  the  acceleration  of  the 
heavy  particle  when  the  thread  makes  an  angle  Q  with  the  vertical 
is  g  sin  0  (see  §  53d),  which  when  the  arc  of  vibration  is  small  may 
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be  taken  as  equal  to  gd,  that  is,  g  j,x  denoting  the  length  of  arc 

measured  from  lowest  point,  and  I  the 
length  of  the  string.  It  is  therefore  pro- 
portional to  «,  the  distance  of  the  particle 
from  the  position  of  equilibrium. 

53  b.  When  simple  vibration  is  executed 
in  a  straight  line,  it  corresponds  to  the 
projection  of  imiform  circular  motion  (Fig. 
39a);  that  is  to  say,  if  a  point  P  move 
with  uniform  velocity  round  the  circum- 
ference of  a  circle,  and  if  Pp  be  the  perpen- 
dicular let  fall  from  P  upon  a  fixed  straight 
line  in  the  plane  of  the  circle,  then  2>,  the 
foot  of  this  perpendicular,  will  execute 
simple  vibration. 

To  prove  this  proposition,  remark  that  by  §  49  the  point  P  is  to  be 
regarded  as  constantly  falling  away  from  a  tangent  in  obedience  to 
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Fig.  894.  Projectiim  of  GirooUr 
Motion. 
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acceleration  directed  towards  the  centre  of  the  circle,  the  amount  of 

the  acceleration  being  -rp  .r,  where  r  denotes  the  radius  of  the  circle. 

This  acceleration,  being  directed  &om  P  towards  the  centre  of  the 
circle,  may  be  resolved  into  two  components,  one  parallel  to  the  line 
of  motion  of  p,  and  the  other  perpendicular  to  it     The  former  of 

these,  which  is  obviously  the  acceleration  of  2>,  is  —  of  the  whole 

T 

acceleration,  x  denoting  the  distance  of  p  from  its  mean  position, 
that  is,  from  the  foot  of  a  perpendicular  let  fall  from  the  centre  of 

the  circle.  The  acceleration  of  ^  is  therefore  -i^x,  and  is  propor- 
tional to  X, 

63  c.  We  may  hence  prove  that  simple  vibrations  are  isochronous. 
For  if  the  accelemtion  be  expressed  by  ^a;,  x  denoting  displacement 
from  mean  position,  and  fi  any  constant,  we  see,  by  the  preceding 
paragraph,  that  the  vibration  keeps  time  with  an  imaginary  point 
moving  uniformly  round  a  circle,  a  complete  vibration  being  per- 
formed in  the  same  period  as  a  complete  revolution;  and  if  T  denote 

this  period,  we  have  /li  =  ^  ;  whence  T=:  -^,  an  expression  which  is 

independent  of  the  amplitude  of  vibration. 

Applying  this  result  to  a  pendulum  vibrating  in  a  small  arc,  we 

have  ^=  I  (see§  53a);  hence  T=-^  =  2irV-,  which  is  the  time  of 

a  complete  (or  double)  vibration.^ 

To  understand  the  reason  of  the  isochronism  of  simple  vibrations, 
we  have  only  to  remark  that,  if  the  amplitude  be  changed,  the  velo- 
city at  corresponding  points  (that  is,  points  whose  distances  from  the 
middle  point  are  the  same  fractions  of  the  amplitudes)  will  be 
changed  in  the  same  ratio.  For  example,  compare  two  simple  vibra- 
tions in  which  the  values  of  fi  are  the  same,  but  let  the  amplitude  of 

^  The  mathematical  reader  will  remark  that  our  definition  of  simple  vibration  ooireeponds 

to  the  differential  equation  — j  = — [iXf  and  that  the  property  proved  in  §  53b  corresponds 

to  the  solution  of  this  equation,  which  is  x=a  coi  (tyJu. — e),  a  and  e  being  arbitrary  con- 
stants, the  former  called  the  amplitude  and  the  latter  the  epoch  of  the  motion.  The  quan- 
tity {ty/fi — e)  is  called  the  argument,  and  it  is  obvious  that  x  and  its  successive  differential 
coefficients  wUl  all  remain  unaltered  if  the  aigument  be  increased  by  2ir,  that  is,  if  t  be 

2ir 
increased  by  any  multiple  of  ~~p=^     Hence  the  motion  alwa3rs  repeats  itself  after  the  inter- 

2ir 
val  -7=^'  which  is  therefore  the  period  of  a  complete  vibration. 


CYCLOID AL  PENDULUM.  71 

one  be  double  that  of  the  other.  Then  if  we  divide  the  paths  of 
both  into  the  same  number  of  small  equal  parts,  these  parts  will  be 
twice  as  great  for  the  one  as  for  the  other;  but  if  we  suppose  the  two 
points  to  start  simultaneously  from  their  extreme  positions,  the  one 
will  constantly  be  moving  twice  as  hsi  as  the  other.  The  number 
of  parts  described  in  any  given  time  will  therefore  be  the  same  for 
both. 

In  the  case  of  vibrations  which  are  not  simple,  it  is  easy  to  see 
(from  comparison  with  simple  vibration)  that  if  the  acceleration  in- 
creases in  a  greater  ratio  than  the  distance  from  the  mean  position, 
the  period  of  vibration  will  be  shortened  by  increasing  the  amplitude ; 
but  if  the  acceleration  increases  in  a  less  ratio  than  the  distance,  as 
in  the  case  of  the  common  pendulum  vibrating  in  an  arc  of  moderate 
extent,  the  period  is  increased  by  increasing  the  amplitude. 

63  D.  Gycloidal  Pendulum. — We  saw  in  §  33  that  the  effective  com- 
ponent of  gravity  upon  a  particle  resting  on  a  smooth  inclined  plane 
ivas  proportional  to  the  sine  of  the  inclination.  The  acceleration 
of  a  particle  so  situated  is  in  fact  ^  sin  a,  if  a  denote  the  inclination 
of  the  plana  When  a  particle  is  guided  along  a  smooth  curve  its 
acceleration  is  expressed  by  the  same  formula,  a  now  denoting  the 
inclination  of  the  curve  at  any  point  to  the  horizon  This  inclina^- 
tion  varies  from  point  to  point  of  the  curve,  so  that  the  acceleration 
^  sin  a  is  no  longer  a  constant  quantity.  The  motion  of  a  common 
pendulum  corresponds  to  the  motion  of  a  particle  which  is  guided  to 
move  in  a  circular  arc;  and  if  x  denote  distance  from  the  lowest 
point,  measured  along  the  arc,  and  r  the  radius  of  the  circle  (or 

the  length  of  the  pendulum),  the  acceleration  at  any  point  is  g  sin  -. 

This  is  sensibly  proportional  to  x  so  long  as  a;  is  a  small  fraction 
of  r;  but  in  general  it  is  not  proportional  to  x,  and  hence  the  vibra- 
tions are  not  in  general  isochronous. 

To  obtain  strictly  isochronous  vibrations  we  must  substitute  for 
the  circular  arc  a  curve  which  possesses  the  property  of  having  an 
inclination  whose  sine  is  simply  proportional  to  distance  measured 
along  the  curv^  from  the  lowest  point.  The  curve  which  possesses 
this  property  is  the  cycloid.  It  is  the  curve  which  is  traced  by 
a  point  in  the  circumference  of  a  drcle  which  rolls  along  a  straight 
lina  The  cydoidal  pendulum  is  constructed  by  suspending  an  ivory 
ball  or  some  other  small  heavy  body  by  a  thread  between  two 
cheeks  (Fig.  39b),  on  which  the  thread  winds  as  the  ball  swings  to 


72 


THE  PENDULUJi- 


Fig.  S9B.— Cyclold&l  PAndnliun. 


either  side.     The  cheeks  must  themselves  be  the  two  halves  of  a 
cycloid  whose  length  is  double  that  of  the  thread,-  so  that  each 

cheek  has  the  same  length  as  the 
thread.  It  can  be  demonstrated^ 
that  under  these  circumstances 
the  path  of  the  ball  will  be  a 
cycloid  identical  with  that  to 
which  the  cheeks  belong.  Ne- 
glecting Mction  and  the  rigidity 
of  the  thread,  the  acceleration  in 
this  case  is  proportional  to  dis- 
tance measured  along  the  cycloid 
from  its  lowest  point,  and  hence, 
by  last  section,  the  time  of  vibra- 
ation  will  be  strictly  the  same  for  large  as  for  small  amplitudes. 
It  will,  in  £aict,  be  the  same  as  that  of  a  simple  pendulum  having  the 
same  length  as  the  cycloidal  pendulum  and  vibrating  in  a  small  ara 
Attempts  have  been  made  to  adapt  the  cycloidal  pendulum  to 
clocks,  but  it  has  been  found  that,  owing  to  the  greater  amount 
of  friction,  its  rate  was  less  regular  than  that  of  the  common  pendu- 
lum. It  may  be  remarked,  that  the  spring  by  which  pendulums 
are  often  suspended  has  the  effect  of  guiding  the  pendulum  bob 
in  a  curve  which  is  approximately  cycloidal,  and  thus  of  diminishing 
the  irregularity  of  rate  resulting  from  differences  of  amplituda 

63  E.  Centre  of  Mass,  or  Centre  of  Inertia. — ^The  point  which  has 
been  mentioned  in  Chapter  iv.,  under  the  name  of  centre  of  gravity, 
possesses  important  properties  besides  those  which  depend  upon  its 
being  the  point  through  which  the  resultant  force  of  gravity 
passes. 

It  may  be  demonstrated  by  geometry  that  if  a  body  be  divided 
into  a  number  of  equal  elements  (equal  in  mass,  not  necessarily  in 
size),  each  of  them  being  so  small  in  all  its  dimensions  that  it  may 
be  treated  as  a  material  point,  there  is  a  certain  point  in  the  body 
such  that  its  distance  from  any  plane  whatever  is  equal  to  the  mean 
distance  of  aU  the  elements  from  the  same  plane — ^that  is,  to  the  sum 
of  all  the  distances  divided  by  the  number  of  elemental  This  point 
is  called  the  centre  of  Trvasa. 

'  Sinoe  the  evolute  of  the  cycloid  is  an  eqaal  cycloid. 

'  If  the  plane  cuts  the  body,  distanoes  on  one  side  of  the  plane  must  be  reckoned  positive 
and  on  the  other  negatire,  and  the  sum  in  question  must  be  the  algebraical  sum. 
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If  a  set  of  equal  and  parallel  forces  act  one  on  each  element  in  the 
same  direction,  .their  resultant  will  pass  through  the  centre  of  mass. 
Inasmuch  then  as  the  force  of  gravity  upon  a  body  is  made  up  of 
such  a  set  of  equal  and  parallel  forces,  the  centre  of  mass  is  also  the 
centre  of  gravity. 

Again,  if  a  body  at  rest  be  set  in  motion  in  such  a  manner  that  all 
its  points  move  in  parallel  straight  lines  with  equal  velocities,  the 
resistance  which  inertia  opposes  is  composed  of  a  set  of  such  equal 
and  parallel  resistances;  its  resultant  therefore  passes  through  the 
centre  of  mass,  which  is  hence  called  the  centre  of  inertia.  It  is 
evident  that  the  force  requisite  for  producing  such  motion  in  a  body 
must  be  equivalent  to  a  single  force  applied  at  this  point,  and  the 
same  remark  applies  to  the  force  necessary  for  destroying  such  motion 
and  bringing  the  body  to  rest. 

Conversely,  if  a  force  be  applied  to  a  body  at  its  centre  of  mass, 
or  in  a  line  passing  through  the  centre  of  mass,  the  body  will  be  set 
in  motion  in  such  a  way  that  aU  its  points  will  have  equal  and 
parallel  velocities,  their  common  direction  being  parallel  to  the  line 
of  action  of  the  force. 

A  force  applied  to  a  free  body  in  a  direction  not  passing  through 
the  centre  of  mass  will  produce  movement  of  the  centre  of  mass 
combined  with  rotation  of  the  body  about  the  centre  of  mas&  Of 
these  two  components  of  motion,  the  former  will  be  the  same  as 
would  be  produced  by  the  given  force  if  it  acted  in  a  direction 
passing  through  the  centre  of  mass;  and  the  latter— the  rotation — 
will  be  the  same  as  if  the  centre  of  mass  were  fixed. 

A  couple  applied  to  a  firee  body  wUl  produce  rotation  of  the  body 
about  the  centre  of  mass,  but  will  not  produce  any  motion  of  the 
centre  of  mass. 

When  a  body  moves  so  that  all  its  points  are  at  every  instant 
travelling  in  the  same  direction  (that  is  in  parallel  directions  and 
towards  the  same  parts)  and  with  equal  velocities,  it  is  said  to  have 
a  movement  of  translation.  All  straight  lines  in  a  body  so  moving 
remain  always  parallel  to  their  original  positions,  and  conversely ; 
hence  this  property  may  be  taken  as  the  definition  of  movement  of 
translation.  Every  possible  motion  of  a  rigid  body  can  be  resolved 
into  motion  of  translation  accompanied  by  motion  of  rotation,  and 
the  resolution  can  always  be  so  effected  that  the  axis  of  rotation  at 
any  instant  shall  be  parallel  to  the  direction  of  the  movement  of 
translation.     It  is  always  possible,  and  is  generally  convenient^  to 
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regard  the  motion  of  a  rigid  body  under  the  action  of  any  forces  as 
compounded  of  a  motion  of  translation  of  the  body  as  a  whole,  and 
a  rotation  of  the  body  about  an  axis  passing  through  its  centre  of 
mass. 

68. r.  When  two  or  more  bodies,  or  parts  of  the  same  body,  are 
free  to  move,  it  is  impossible  for  any  action  exerted  between  them 
to  alter  the  motion  of  their  common  centre  of  mass.  It  is  also  im- 
possible for  such  action  to  alter  the  total  angular  momentum  about 
the  centre  of  masa  For  example,  when  an  animal  is  either  jumping 
or  falling,  no  movement  that  it  can  make  in  mid-air  without  touching 
other  bodies  can  either  alter  the  motion  of  its  centre  of  gravity,  or 
cause  part  of  its  body  to  rotate  in  one  direction  without  causing  the 
remainder  to  rotate  in  the  opposite  direction. 

The  recoil  of  fire-arms  depends  on  the  same  principle.  Whatever 
force  the  gases  which  are  produced  by  the  explosion  of  the  powder 
exert  in  propelling  themselves  and  the  ball  forwards,  they  must 
always  exert  the  same  force  for  the  same  time  in  urging  the  gun 
backwards.  If  a  shell  explodes  at  an  elevation  in  the  air,  then, 
neglecting  the  effect  of  the  wind,  the  common  centre  of  gravity  of  the 
fragments  of  the  shell  and  the  products  of  explosion  will  describe 
the  same  path  and  with  the  same  velocity  which  the  centre  of  gravity 
of  the  shell  would  have  had  if  there  had  been  no  explosion. 

This  principle  is  of  great  importance  in  the  movement  of  the 
heavenly  bodies.  For  example,  neglecting  any  general  movement 
which  the  solar  system  as  a  whole  may  have  in  space,  we  are 
entitled  to  assert  that  in  whatever  direction  the  common  centre  of 
gravity  of  the  planets  "may  be  moving  at  any  time,  the  centre  of 
gravity  of  the  sun  must  be  moving  in  a  parallel  and  opposite  direc- 
tion; inasmuch  as  the  centre  of  gravity  of  the  whole  system,  consist- 
ing of  sun  and  planets,  remains  always  at  rest. 

53  G.  Moment  of  Inertia. — When  a  body  is  capable  of  turning  about 
a  definite  axis,  its  inertia  opposes  resistance  to  any  force  which  may 
be  applied  to  set  it  in  rotation,  and,  if  it  has  once  been  set  in  rota- 
tion, its  inertia  gives  it  a  tendency  to  continue  rotating  with  constant 
velocity,  so  that  it  can  only  be  brought  to  rest  by  the  action  of 
opposing  force. 

The  power  of  a  force  as  regards  its  tendency  to  produce  rotation 
about  an  axis  is  called  the  moment  of  the  force  about  the  aads,  and 
is  measured  by  the  product  of  the  force  and  the  arm  at  which  it 
a^ts.     If  the  body  is  acted  on  by  more  forces  than  one,  the  sum  of 
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the  moments  of  the  several  forces  about  the  axis  is  the  measure  of 
the  total  tendency  to  produce  rotation,  and  is  called  the  total  moment 
of  aU  the  forces.  It  is  to  be  understood  that  if  some  of  the  forces  tend 
to  make  the  body  turn  in  one  direction  and  others  in  the  opposite  di- 
rection^ the  moments  of  the  one  set  must  be  reckoned  positive  and  of 
theother  negative,  and  the  sum  in  question  must  be  the  algebraical  sum. 

On  the  other  hand,  the  resistance  which  the  inertia  of  the  rotating 
body  opposes  to  the  action  of  forces  tending  to  accelerate  or  retard 
its  rotation  is  called  its  moment  of  inertia.  The  rate  at.  which  the 
angular  velocity  changes  is  equal  to  the  total  moment  of  the  forces 
divided  by  the  moment  of  inertia  of  the  body. 

The  moment  of  inertia  of  a  body  about  an  axis  is  the  sum  of  all 
the  terms  which  are  obtained  by  multiplying  each  element  by  the 
square  of  its  distance  from  the  axis. 

The  angular  momentum  of  a  rotating  body  is  a  name  given  to 
the  product  of  the  moment  of  inertia  and  the  angular  velocity. 
Equal  forces  acting  at  equal  arms  for  the  same  time  upon  dilBferent 
bodies  produce  equal  angular  momenta. 

The  energy  of  rotation  of  a  rotating  body  is  half  the  product  of 
its  moment  of  inertia  and  the  square  of  its  angular  velocity.  Equal 
amounts  of  work  spent  upon  different  bodies  in  producing  rotation 
yield  equal  amoimts  of  energy  of  rotation. 

These  ideas  may  be  illustrated  by  a  reference  to  the  use  of  fly- 
Tvheels  in  machinery.  A  fly-wheel  is  a  wheel  which,  by  means  of 
its  inertia,  acts  as  an  equalizer  of  the  motion  of  the  machine  to 
which  it  is  attached,  resisting,  to  an  extent  measured  by  its  moment 
of  inertia,  all  sudden  changes  of  velocity.  It  is  chiefly  employed  in 
cases  where  either  the  driving  power  or  the  resistance  to  be  over- 
come is  liable  to  rapid  alternations  of  magnitude.  When  the  power 
is  in  excess  of  the  resistance  the  motion  of  the  fly-wheel  is  acceler- 
ated, and  the  energy  thus  accumulated  is  given  out  again  when  the 
resistance  is  in  excess  of  the  power,  the  inertia  of  the  fly-wheel  then 
assisting  to  overcome  the  resistance,  while  at  the  same  time  the 
velocity  of  the  wheel  is  diminished. 

Fly-wheels  are  always  made  with  heavy  rims,  the  rest  of  the 
wheel  being  usually  as  light  as  is  compatible  with  the  requisite 
strength.  This  arrangement  is  adopted  with  the  view  of  obtaining 
the  greatest  possible  moment  of  inertia ;  for  if  all  the  matter  of  the 
wheel  were  collected  at  its  rim,  the  moment  of  inertia  would  be 
equal  to  the  maas  multiplied  by  the  square  of  the  radius. 
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53  H«  Centre  of  Percassion. — ^We  have  already  seen  that  when  a 
force  acts  upon  a  rigid  body  in  a  direction  not  passing  through  the 
centre  of  mnas,  it  tends  to  produce  a  motion  consisting  partly  of 
translation  and  partly  of  rotation  of  the  body  about  the  centre  of 
mass.  This  principle  remains  true  when  the  force  is  applied  in  the 
shape  of  a  blow,  and  may  easily  be  tested  experimentally  in  a  rough 
way  by  suspending  a  straight  rod  by  a  long  string  attached  to  one 
end  and  striking  it  with  a  hammer  in  different  pointa  If  the  rod 
be  struck  in  a  horizontal  direction  near  its  top,  its  bottom  will  at 
the  instant  of  the  blow  move  in  the  opposite  direction,  and  if  it  be 
struck  neax  the  bottom  the  top  will  fly  back.  In  each  case  there  is 
some  intermediate  Une  at  right  anglies  to  the  direction  of  the  blow, 
which  neither  moves  forwards  nor  backwards  at  the  instant  of  the 
blow,  while  points  on  opposite  sides  of  it  move  in  opposite  directions. 
With  reference  to  this  line,  regarded  as  an  instantaneous  axis  of 
rotation,  the  point  at  which  the  body  was  struck  is  called  the  centre 
of  percussion.  It  admits  of  proof  that  the  centre  of  percussion  with 
respect  to  any  axis  is  the  same  as  the  centre  of  oscillation. 

When  a  body  is  suspended  so  that  it  can  rotate  about  an  axis,  if 
we  desire  to  strike  it  without  jarring  the  axis,  it  ia  necessaiy  that 
the  blow  should  be  administered  at  the  centre  of  percussion,  and  this 
remark  is  equally  true  if  the  body  in  question  be  the  striking  instead 
of  the  struck  body.  For  example,  the  proper  point  of  a  bat  for 
striking  a  ball  so  as  not  to  jar  the  hands  is  the  centre  of  percussion  of 
the  bat  with  respect  to  an  axis  passing  through  the  hands. 

63  L  Momentum,  Energy  of  Motion. — The  product  of  the  mass 
and  velocity  of  a  body  is  called  the  momentum  of  the  body.  If 
equal  forces  act  upon  unequal  masses /or  the  swrne  time,  the  momenta 
generated  are  equal  This  principle  applies  to  the  recoil  of  fire-arms^ 
supposing  the  gun  to  be  free  to  move. 

On  the  other  hand,  if  equal  forces  act  upon  unequal  masses  origin- 
ally at  rest,  through  equal  distances  (and  therefore  do  equal  amounts 
of  work  upon  them),  the  momenta  generated  will  be  unequal;  the 
greater  mass  will  receive  the  greater  momentum.  Equal  products 
will  however  be  obtained  in  this  case,  if  we  multiply  each  mass  by 
the  square  of  its  velocity.  In  the  case  of  a  falling  body,  we  have 
seen  that  the  velocity  acquired  in  falling  through  a  height  a  ia 
v^^2g8,  whence  \v^=^g8,  and  if  the  mass  of  the  body  (in  Iba) 
is  m,  we  have  \7nv^=g7n8.  Now,  the  force  which  produces  the 
descent  is  the  weight  of  m  lbs.,  which  is  equivalent  to  gm  Gaussian 
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units  of  force,  and  as  the  space  through  which  the  force  works  is 
8,  the  work  done  is  gTna,  which  is  the  second  member  of  the  above 
equation^  and  is  equal  to  ^mv\  We  see,  then,  that  in  this  case  the 
work  done,  expressed  in  Gaussian  units  of  work  (of  which  a  foot- 
pound contains  g),  is  equal  to  half  the  product  of  the  mass  (in 
pounds)  and  the  square  of  the  velocity.  This  principle  is  perfectly 
general,  and  may  be  extended  to  bodies  already  in  motion  as  well  as 
to  bodies  initially  at  rest  by  substituting  for  *'^mv^,"  "the  change 
produced  in  the  value  of  ^nnvV  Conversely,  since  the  height  to 
which  a  body  will  rise  when  thrown  upwards  with  a  given  velocity 
is  the  same  as  the  height  from  which  it  must  fall  to  acquire  that 
velocity,  it  follows  from  the  foregoing  equations  that  the  value  of 
^rn/i^  at  the  commencement  of  the  ascent  is  equal  to  the  work  which 
gravity  would  do  upon  the  body  during  its  descent  from  the  height 
to  which  it  rises  to  the  point  from  which  its  ascent  commenced;  and 
if  we  denote  the  product  of  force  and  distance  moved  in  the  case 
when  the  direction  of  the  motion  is  opposite  to  that  of  the  force, 
by  the  name  negative  work,  we  may  assert  that  the  diminution  which 
occurs  in  the  value  of  imv'  during  the  whole  ascent  or  during  any 
part  of  it  is  equal  to  the  negative  work  done  upon  the  body  by 
gravity  during  that  part  of  the  motion. 

It  is  in  this  sense  that  work  and  motion  are  said  to  be  convertible, 
and  the  product  imv^  whose  changes  of  value  are  always  equal 
to  the  work  done  upon  the  body,  is  called  the  energy  of  motion,  or 
the  hmetic  energy  of  tlie  body.  This  equality  subsists  not  only  for 
the  case  of  gravity,  but  for  ail  forces  whatever:  we  may  assert  uni- 
versally (neglecting  for  the  present  the  effects  of  friction  and  mole- 
cular changes),  that  when  a  body  of  mass  m  moves  at  one  time  with 
a  velocity  v^,  and  at  a  subsequent  time  with  velocity  v^ ,  the  whole 
amount  of  work  done  upon  the  body  during  the  interval  (the  alge- 
braic sum  being  taken  if  any  of  the  work  is  negative)  is  equal  to 
\mv^ — \mv^. 

The  product  \rwi^  has  sometimes  been  called  the  accumulcUed 
work  in  a  body,  or  the  work  stored  up  in  the  body,  inasmuch  as  a 
moving  body  is  able  in  virtue  of  its  motion  to  overcome  resistance 
through  such  a  distance  that  the  work  done  (or  product  of  resistance 
and  distance  through  which  it  is  overcome)  will  be  equal  to  ^mv^. 
We  have  seen  one  example  of  this  in  the  case  of  a  body  thrown 
upwards,  which  overcomes  the  resistance  mg  of  gravity  through  a 
height  8  such  that  mg8=z^7nv\ 
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68  J.  Energy  of  PoBition^  or  Potential  Energy. — We  have  now  to 
introduce  a  new  idea,  which  is  of  comparatively  recent  origin,  and 
plays  an  important  part  in  modem  dynamics.  When  a  body  of  mass 
Tn.  is  at  the  height  8  above  the  ground,  which  we  will  suppose  level, 
we  can  cause  it  to  acquire  a  certain  velocity  i;  such  that  imv*= 
mg  by  simply  allowing  it  to  fall  to  the  earth.  The  position  of  a 
body  in  this  instance  confers  the  power  to  obtain  motion,  and  there- 
fore kinetic  energy;  and  as  we  have  just  seen,  kinetic  energy  can  be 
made  to  yield  work.  A  body  in  an  elevated  position  may  therefore 
be  regarded  as  a  reservoir  of  work:  the  water  in  a  mill-dam  is,  in 
fact,  a  case  in  point ;  and  for  this  reason  such  a  body  is  said  to  pos- 
sess energy  of  position,  or,  as  it  is  more  commonly  called,  potential 
energy.  In  contradistinction  from  this  latter  name,  the  energy  which 
a  moving  body  possesses  in  virtue  of  its  motion  is  sometimes  called 
actual  energy. 

It  should  be  remarked  that  energy  of  position  is  essentially  relative, 
depending  on  the  position  of  one  body  with  reference  to  one  or  more 
others.  In  the  case  just  considered  the  other  body  is  the  earth.  In 
order  to  be  philosophically  correct  in  our  language,  we  should  speak 
not  of  the  potential  energy  of  a  body,  but  rather  of  the  potential 
energy  of  two  or  more  bodies  with  reference  to  each  other  in  a  given 
relative  position ;  or  more  briefly,  of  the  potential  energy  of  a  cer- 
tain relative  position  of  the  bodies. 

It  must  also  be  remarked  that  while  we  can  speak  with  precision  of 
the  difference  between  the  potential  energies  of  two  specified  posi- 
tions, we  cannot  in  strictness  assign  a  definite  value  to  the  potential 
energy  of  one  specified  position  unless  we  know  the  limits  to  the 
possible  motion  of  the  bodies  in  obedience  to  their  mutual  forcea 
For  example,  in  the  case  just  considered — ^that  of  a  body  at  a  certain 
height  above  level  ground — the  present  position  of  the  body  is  com- 
pared with  that  which  it  will  occupy  when  it  lies  upon  the  ground. 
But  a  shaft  might  be  sunk  in  the  ground,  and  with  reference  to  the 
bottom  of  this  shaft  a  body  lying  on  the  surface  of  the  ground  would 
possess  a  certain  amount  of  potential  energy,  which  must  be  added 
to  that  above  considered  to  obtain  the  potential  energy  of  the  body 
in  its  first  position  as  compared  with  the  position  which  it  would 
occupy  when  lying  at  the  bottom  of  the  shaft 

Whenever  motion  takes  place  in  obedience  to  natural  forces,  the 
increase  or  diminution  of  potential  energy  which  takes  place  in 
passing  from  one  position  to  another  is  always  exactly  compensated 
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by  an  opposite  change  in  the  total  amount  of  kinetic  energy;  from 
which  it  follows  that  the  sum  of  potential  and  kinetic  energies 
remains  unchanged  Whenever  kinetic  energy  is  increased  at  the 
expense  of  potential  energy,  the  forces  concerned  do  an  amount  of 
positive  work  equal  to  the  amount  by  which  the  former  is  increased 
or  the  latter  diminished.  On  the  other  hand,  whenever  potential 
enei^  is  increased  at  the  expense  of  kinetic  energy,  the  forces  do 
negative  work  equal  in  absolute  value  to  the  energy  thus  transferred. 
Instances  of  the  former  kind  of  transfer  are  furnished  by  the  motion 
of  a  falling  body  and  the  motion  of  a  planet  from  aphelion  to  peri- 
helion ;  instances  of  the  latter  kind  are  furnished  by  the  motion  of 
a  body  thrown  upwards,  and  the  motion  of  a  planet  from  perihelion 
to  aphelion. 

53  X.  Effect  of  Friction  upon  Transformation  of  Energy.-—  Thus  far 
we  have  been  supposing  that  frictional  resistances  are  neglected. 
Friction,  in  fact,  causes  an  apparent  loss  of  energy,  but  this  loss  is 
accompanied  by  a  generation  of  heat  which  is  itseli'  a  form  of  energy, 
and  a  definite  amount  of  heat  is  produced  by  each  unit  of  work  thus 
apparently  wasted.  Conversely,  whenever  heat  is  employed  as  a 
motive  power  (in  the  steam-engine,  for  example),  a  quantity  of  heat 
is  destroyed  equivalent,  on  the  same  scale,  to  the  work  produced. 

Another  kind  of  energy  is  developed  when  friction  is  employed 
as  a  means  of  generating  electricity.  In  this  case  the  potential 
enei^  of  electrical  attraction  which  is  called  into  existence  is  the 
precise  equivalent  of  the  work  spent  in  producing  it 

Similar  principles  apply  to  all  other  cases  in  which  energy  is 
apparently  destroyed.  Any  particular  form  of  energy  may  be 
destroyed,  but  only  on  condition  of  an  equivalent  amount  of  energy 
in  some  other  shape  coming  into  existence.  The  whole  amount  of 
energy  in  the  universe  cannot  undergo  either  increase  or  diminution. 
This  great  natural  law  is  called  the  principle  of  the  conservation  of 
energy. . 

The  exact  nature  of  the  various  forms  of  molecular  energy,  such 
as  heat,  light,  electricity,  magnetism,  and  chemical  affinity,  is  not 
at  present  known,  but  we  run  little  risk  of  error  in  affirming  that 
they  all  consist  either  of  peculiar  kinds  of  molecular  motion  or  of 
peculiar  arrangements  of  molecules  as  regards  relative  position. 
They  must  therefore  fall  under  one  or  other  of  the  two  heads  "energy 
of  position"  and  "energy*  of  motion." 


CHAPTER    VII. 


THE   BALANCE. 


64.  The  object  of  the  balance  is  the  measurement  of  the  weights 
of  bodie&  It  consists  essentially  of  a  rigid  lever  AB  called  the  beam, 
movable  about  an  axis  O  at  the  centre  of  its  length.     This  axis  rests 


Fig.  40.— Balanoe. 

upon  two  planes,  and  as  it  is  a  little  above  the  centre  of  gravity,  the 
beam  takes  a  position  of  stable  equilibrium.  An  index  needle  at- 
tached to  the  beam  traverses  a  graduated  arc,  and  indicates  the 
position  of  equilibrium  of  the  beam  by  pointing  to  zero. 

This  equilibrium  will  not  be  disturbed  if  we  suspend  from  the 
extremities  of  the  beam  two  scale-pans  of  the  same  substance,  form, 
and  dimensiona  Neither  will  it  be  disturbed  if  in  these  scale-pans 
we  place  bodies  of  equal  weight  And  conversely,  if  two  bodies 
placed  in  the  two  scale-pans  equilibrate  each  other,  their  weights  are 
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equal     This,  then,  is  the  principle  of  the  well-known  use  of  the 
balance. 

65.  Correctness  of  the  Balance. — It  is  necessary  to  the  validity  of  the- 
preceding  reasoning  that  the  scale-pans  should  be  suspended  at 
exactly  the  same  distance  from  the  axis,  or,  in  other  words,  that  the 
arms  of  the  balance  should  be  rigorously  equal  in  length.  This  is 
known  to  be  the  case  if  the  needle  points  to  zero  both  when  the 
scale-pans  are  empty  and  when  they  are  loaded  with  two  bodies  of 
equal  weight.  If  we  have  not  two  weights  exactly  equal,  it  is  suffi- 
cient to  place  any  body  whatever  in  one  of  the  scale-pans,  and 
equilibrate  it  by  placing  so  much  matter  in  the  other  scale  as  will 
bring  the  index  to  zero;  if  we  then  interchange  the  contents  of  the 
two  scale-pans,  the  needle  should  stiU  point  to  zero.  If  it  does  not, 
the  reason  is  that  the  arms  are  not  of  equal  lengtL  Easy  as  it  is, 
however,  to  make  the  arms  of  approximately  equal  length,  it  is 
exceedingly  difficult  to  make  them  rigorously  equal;  and  accordingly, 
whenever  great  accuracy  is  required,  the  method  of  double  weighing 
is  employed,  which  enables  us  to  obtain  the  exact  weight,  even  when 
the  arms  of  the  balance  are  slightly  unequal  This  method  consists 
in  first  counterpoising  the  body  to  be  weighed  with  any  substance — 
as,  for  example,  shot  or  sand — and  then  replacing  the  body  by  weights 
sufficient  to  produce  equilibrium.  It  is  evident  that  these  latter,  as 
they  produce  the  same  effisct  as  the  body  under  the  same  circum- 
stances, must  have  the  same  weight. 

66.  Sensibility  of  the  Balance. — ^A  balance  is  said  to  be  more  or  less 
sensitive  when  the  beam,  supposed  to  be  originally  horizontal,  is 
more  or  less  inclined  for  a  given  difference  of  weighta  The  sensi- 
bility depends,  in  the  first  place,  on  the  friction  of  the  axis  against 
its  supports.  In  carefully  constructed  balances  this  axis  is  formed 
by  the  edge  of  a  triangular  prism  of  very  hard  steel,  called  a  knife- 
edge,  which  rests  upon  a  plane  of  steel  or  agate.  In  this  way,  as 
rotation  takes  place  about  a  very  fine  axis,  and  as,  besides,  the 
materials  employed  are  very  hard,  the  friction  is  rendered  exceedingly 
smalL 

Supposing  friction  to  be  eliminated,  the  sensibility  of  the  balance 
depends  upon  the  weight  of  the  beam,  its  length,  and  the  distance 
between  its  centre  of  gravity  and  the  axis  of  suspension.  We  shall 
proceed  to  investigate  the  influence  of  these  different  elements. 

Let  A  and  B  be  the  points  from'  which  the  scale-pans  are  sus- 
pended, O  the  axis  about  which  the  beam  turns,  and  G  the  centre  of 
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P+P 


gravity  of  the  beam.     K  when  the  scale-pans  are  loaded  with  equal 
weights,  we  put  into  one  of  them  an  excess  of  weight  p,  the  beam 

will  become  inclined,  and  will  take 
a  position  such  as  A'B',  turning 
through  an  angle  which  we  will  call 
a,  and  which  is  easily  calculated 

In  fact,  let  the  two  forces  P  and 
P  +  p  act  at  A'  and  B'  respectively, 
where  P  denotes  the  less  of  the  two 
weights,  including  the  weight  of  the 
paiL  Then  the  two  forces  P  destroy 
Yig.  41.  each  other  in  consequence  of  the  re- 

sistance of  the  axis  O;  there  is  left 
only  the  force  p  applied  at  B',  and  the  weight  v  of  the  beam  applied 
at  G',  the  new  position  of  the  centre  of  gravity.  These  two  forces 
are  parallel,  and  are  in  equilibrium  about  the  axis  O,  that  is,  their 
resultant  passes  through  the  point  O.  The  distances  of  the  points  of 
application  of  the  forces  from  a  vertical  through  O  are  therefore 
inversely  proportional  to  the  forces  themselves,  which  gives  the 
relation 

But  if  we  call  half  the  length  of  the  beam  I,  and  the  distance  OG  r, 
we  have 

G'Rr=r8ma,     B'L  =  Zco8a, 

whence  irr  sin  o  =  pi  cos  a,  and  consequently 


tan  a  =  -P-\ 


(a) 


The  formula  (a)  coll|idns  the  entire  theory  of  the  sensibility  of  the 
balance  when  properly  constructed.  We  see,  in  the  first  place,  that 
tan  a  increases  with  the  excess  of  weight  p,  which  was  evident 
beforehand.  We  see  also  that  the  sensibility  increases  as  I  increases 
and  as  ir  diminishes,  or,  in  other  words,  as  the  beam  becomes  longer 
and  lighter.  At  the  same  time  it  is  obviously  desirable  that,  under 
the  action  of  the  weights  employed,  the  beam  should  be  stiff  enough 
to  undergo  no  sensible  change  of  shape.  The  problem  of  the  balance 
then  consists  in  constructing  a  beam  of  the  greatest  possible  length 
and  lightness,  which  shall  be  capable  of  supporting  the  action  of 
given  forces  without  bending. 
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Fortin,  whose  balances  are  justly  esteemed,  employed  for  his  beams 
bars  of  steel  placed  edgewise ;  he  thus  obtained  great  rigidity,  but 
certainly  not  ail  the  lightness  possible.  At  present  the  makers  of 
balances  employ  in  preference  beams  of  copper  or  steel  made  in  the 
form  of  a  frame,  as  shown  in  Fig.  42.  They  generally  give  them  the 
shape  of  a  very  elongated  lozenge,  the  sides  of  which  are  connected 
by  bars  variously  arranged.  The  determination  of  the  best  shape  is, 
in  fact^  a  special  problem,  and  is  an  application  on  a  small  scale  of 
that  principle  of  applied  mechanics  which  teaches  us  that  hollow 
pieces  have  greater  resisting  power  in  proportion  to  their  weight 
than  solid  pieces,  and  consequently,  for  equal  resisting  power,  the 
former  >are  lighter  than  the  latter.  Aluminium,  which  with  a  rigidity 
nearly  equal  to  that  of  copper,  has  less  than  one-fourth  of  its  density, 
seems  natiirally  marked  out  as  adapted  to  the  construction  of  beams. 
It  has  as  yet,  however,  been  little  used. 

The  formula  (a)  shows  us,  in  the  second  place,  that  the  sensibility 
increases  as  r  duninishes;  that  is,  as  the  centre  of  gravity  approaches 
the  centre  of  suspension.  These  two  points,  however,  must  not  coin- 
cide, for  in  that  case  for  any  excess  of  weight,  however  small,  the 
beam  would  deviate  from  the  horizontal  as  far  as  the  mechanism 
would  permit,  and  would  afford  no  indication  of  approach  to  equality 
in  the  weight&  With  equal  weights  it  would  remain  in  equilibrium 
in  any  position.  In  virtue  of  possessing  this  last  property,  such  a 
balance  is  called  indifferent  Practically  the  distance  between  the 
centre  of  gravity  and  the  point  of  suspension  must  not  be  less  than 
a  certain  amount  depending  on  the  use  for  which  the  balance  is 
designed  The  proper  distance  is  determined  by  observing  what 
difference  of  weights  corresponds  to  a  division  of  the  graduated  arc 
along  which  the  needle  moves.  If,  for  example,  there  are  20  divi- 
sions on  each  side  of  zero,  and  if  2  millig4pmes  are  necessaiy  for 
the  total  displacement  of  the  needle,  each  division  will  correspond  to 
an  excess  of  weight  of  ^  or  -j^^  of  a  milligramme.  That  this  may 
be  the  case  we  must  evidently  have  a  suitable  value  of  r,  and  the 
mtaker  is  enabled  to  regulate  this  value  with  precision  by  means  of 
the  screw  which  is  shown  in  the  figure  above  the  beam,  and  which 
enables  him  slightly  to  vary  the  position  of  the  centre  of  gravity. 

.  In  the  above  analysis  we  have  supposed  that  the  three  points  of 
suspension  of  the  beam  and  of  the  two  scale-pans  are  in  one  straight 
line ;  in  which  case  the  value  of  tan  o  does  not  include  P,  that  is,  the 
sensibility  is  independent  of  the  weight  in  the  pans.     This  follows 
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• 

from  the  feiCt  that  the  resultant  of  the  two  forces  P  passes  through 
O,  and  is  thus  destroyed,  because  the  axis  is  fixed.  This  would  not 
be  the  case  if,  for  example,  the  poinis  of  suspension  of  the  pans  were 
above  that  of  the  beam;  in  this  case  the  point  of  application  of  the 
common  load  is  above  the  point  O,  and,  when  the  beam  is  inclined, 
acts  in  the  same  direction  as  the  excess  of  weight;  whence  the 
sensibility  increases  with  the  load  up  to  a  certain  limit,  beyond 
which  the  equilibrium  becomes  unstable.^  On  the  other  hand,  when 
the  points  of  suspension  of  the  pans  are  below  that  of  the  beam,  the 
sensibility  increases  as  the  load  diminishes,  and,  as  the  centre  of 
gravity  of  the  beam  may  in  this  case  be  above  the  axis,  equilibrium 
may  become  unstable  when  the  load  is  less  than  a  certain  amount. 
This  variation  of  the  sensibility  with  the  load  is  a  serious  disadvan- 
tage ;  for,  as  we  have  just  shown,  the  displacement  of  the  needle  is 
used  as  the  means  of  estimating  weights,  and  for  this  purpose  we 
must  have  the  same  displacement  corresponding  to  the  same  excess 
of  weight.  If  we  wish  to  employ  either  of  the  two  above  arrange- 
ments, we  should  weigh  with  a  constant  load.  The  method  of  doing 
so,  which  constitutes  a  kind  of  double  weighing,  consists  in  retaining 
in  one  of  the  pans  a  weight  equal  to  the  maximum  load.  In  the 
other  pan  is  placed  the  same  load  subdivided  into  a  number  of 
marked  weights.  When  the  body  to  be  weighed  is  placed  in  this 
latter  pan,  we  must,  in  order  to  maintain  equilibrium,  remove  a 
certain  number  of  weights,  which  evidently  represent  the  weight  of 
the  body. 

We  may  also  remark  that,  strictly  speaking,  the  sensibility  always 
depends  upon  the  load,  which  necessarily  produces  a  variation  in  the 
friction  of  the  axis  of  suspension.  Besides,  it  follows  from  the  nature 
of  bodies  that  there  is  no  system  that  does  not  yield  somewhat  even 
to  the  most  feeble  action.  For  these  reasons,  there  is  a  decided 
advantage  in  operating  with  constant  load. 

57.  Suspension  of  the  Scale-pans. — A  fundamental  condition  of  the 
correctness  of  the  balance  is,  that  the  weight  of  each  pan  and  of 
the  load  which  it  contains  should  always  act  exactly  at  the  same 
point,  and  therefore  at  the  same  distance  from  the  axis  of  suspension. 
This  important  result  is  attained  by  different  methods.    The  arrange- 

• 

^  This  is  an  illustration  of  the  general  principle,  applicable  to  a  great  variety  of  philo- 
sophical apparatus,  that  a  maximum  of  sensibility  involves  a  minimum  of  stability;  that 
is,  a  very  near  approach  to  instability.  This  near  approach  is  usually  indicated  by  exces- 
sive slowness  in  the  oscillations  which  take  place  about  the  position  of  equilibrium. 
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ment  represented  in  Fig.  42  is  one  of  the  most  effectual  At  the 
extremities  of  the  beam  are  two  knife-edges,  parallel  to  the  axis  of 
rotation,  and  facing  upvarda.  On  these  knife-edges  rests,  by  a 
bard  plane  surface  of  ajjate  or  steel,  a  stirrup,  the  front  of  which 
has  been  taken  away  in  the  figure.  On  the  lower  part  of  the 
stimip  rests  another  knife-edge,  at  riglit  angles  to  the  former,  the 


two  being  together  equivalent  to  a  universal  joint  supporting  the 
scale-pan  and  its  contents.  By  this  arrangement,  whatever  may  be 
the  position  of  the  weights,  their  action  is  always  reduced  to  a  vertical 
force  acting  on  the  upper  knife-edge. 

Fig.  43  represents  a  balance  of  great  delicacy,  with  the  glass 
case  that  contains  it  At  the  bottom  is  seen  tlie  extremity  of  a 
lever,  which  enables  us  to  raise  the  beam,  and  thus  avoid  wearing 
the  knife-edge  when  not  in  use.  At  the  top  may  be  remarked  an 
arrangement  employed  by  some  makers,  consisting  of  a  horizontal 
graduated  circle,  on  which  a  small  metallic  index  can  be  made  to 
travel;  its  difierent  displacements,  whose  value  can  be  determined 
once  for  all,  are  used  for  the  final  adjustment  to  produce  exact 
equilibrium. 

68.  Densities. — If  we  weigh  equal  volumes  of  different  bodies  in 
nature,  we  find  that  they  have  different  weights.  Thus,  a  litre  of 
water  weighs  1  kilogramme,  a  litre  of  mercury  weighs  ]  3  6  kilos., 
a  litre  of  alcohol  0*79  kilos.  This  we  express  by  saying  that  differ- 
ent bodies  have  different  densities.     It  is  evidently  important  to 
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know  the  density  of  the  different  substances  with  which  we  have  to 
deal;  for  this  is,  in  fact,  a  fundamental  element  of  their  physical 
constitution.  Attempts  have  therefore  been  made  to  form  a  list 
containing  the  weight  of  a  given  volume  of  each  of  the  substances 


Fig.  43.— BiJiuiM  lor  FnipOK*  of  AM11IU7. 

known  in  nature.  The  simplest  way  of  determining  the  density 
of  a  substance  is  to  weigh  a  certain  known  volume  of  it,  and  to 
divide  the  weight  obtained  by  the  volume;,  we  shall  thus  obtain  the 
weight  of  unit  volume. 

The  same  object  is  attained  indirectly  by  determining  the  specific 
gravity  of  the  substance;  that  is  to  say,  the  ratio  of  its  density  to 
that  of  some  standard  substance  whose  density  is  known.  The 
standard  substance  commonly  employed  for  this  comparison  is 
distilled  water  at  the  temperature  of  maximum  density  (about  39°'l 
Fahrenheit).  The  weight  of  a  cubic  foot  of  such  water  is  62-425 
lbs.  avoirdupois;  hence  the  specific  gravity  of  a  substance  multiplied 
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"by  62'425  is  the  weight  of  a  cubic  foot  of  the  substance  in  lbs., 
which  may  be  called  the  density  of  the  substance  in  lbs.  per  cvMc 
foot 

In  the  metrical  system  the  conversion  of  specific  gravities  into 
densities  is  much  simpler;  for  since  the  gramme,  kilogramme,  and 
tonne  are  the  weights  respectively  of  a  cubic  centimetre,  cubic 
decimetre,  and  cubic  metre  of  distilled  water  at  the  temperature  of 
maximum  density,  it  follows  that  the  same  number  which  denotes 
the  specific  gravity  of  a  substance,  also  denotes  the  weight  of  a  cubic 
centimetre  of  the  substance  in  grammes,  the  weight  of  a  cubic 
decimetre  in  kilogrammes,  or  the  weight  of  a  cubic  metre  in  tonnes. 
In  other  words,  the  specific  gravity  is  equal  to  the  density,  whether 
the  latter  be  expressed  in  grammes  per  cubic  centimetre,  in  kilo- 
grammes per  cubic  decimetre,  or  in  tonnes  per  cubic  metre. 

If  V  denote  the  volume  of  a  body,  P  its  weight,  and  D  its  density, 
or  weight  per  unit  volume,  we  have 

D=^  P=VD,  V=5' 

80  that  if  any  two  of  these  three  elements  are  given,  the  third  can 
be  computed. 

Example  I. — What  is  the  weight  of  a  mass  of  granite  of  84  cubic 
metres,  the  density  of  granite  being  2*75?  The  formula  gives 
P  =  84  X  2-75  =  231  tonnes. 

Example  II. — What  is  the  volume  of  1000  kilos,  of  mercury,  the 
density  of  mercury  being  13-6? 

V  =  -jg7g-  =  73*5  litres,  since  the  litre  is  equal  to  the  cubic  deci- 

metra 

69.  Experimental  Determination  of  Densities, — The  following  is  one 
of  the  simplest  methods  for  the  practical  determination  of  densities. 
We  begin  by  weighing  the  body.  Suppose,  for  example,  its  weight 
to  be  10  grammes.  It  is  then  placed  upon  one  of  the  scale-pans  of  a 
balance,  along  with  a  flask  with  a  wide  neck,  of  a  form  such  as  is 
shown  in  Fig.  44,  and  exactly  full  of  water ;  these  are  balanced  in 
the  other  scale  by  weights  of  any  kind.  The  body  is  then  introduced 
into  the  flask,  and  evidently  displaces  a  volume  of  water  equal  to 
its  own  voluma  If  now  we  close  the  flask,  taking  care  that  it  is 
filled  to  the  same  level  as  before,  wipe  it,  and  put  it  back  on  the 
scale-pan,  there  will  not  be  equilibrium.  In  order  to  re-establish 
equilibrium  we  must  add,  suppose,  2*5  grammes;  this  is  the  weight 
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of  a  volume  of  water  equal  to  that  of  the  body ;  the  specific  gravity  of 

the  latter  then  is  qt^  =  4*.     When  we  wish  to  determine  the  density 

of  a  liquid,  we  .employ  a  flask  (Fig.  45),  the  upper  extremity  of 
which  terminates  in  a  narrow  tube  on  which  there  is  a  mark.    After 


Fig.  44.— Si)eciflo  Gntvity  Flaak  for  Solida. 


Fig.  46.~8peoifio  Graritj 
Flask  for  Liquids. 


having  weighed  the  flask  empty,  we  fill  it  successively  with  the 
liquid  and  with  water,  as  far  as  the  mark.  This  gives  us  the  weights 
of  equal  volumes  of  water  and  of  the  liquid  whose  density  is  to  be 
determined ;  and  the  quotient  obtained  by  dividing  the  former  by 
the  latter  is  the  specific  gravity  of  the  liquid. 

There  is  generally  some  difficulty  in  filling  the  flask,  on  account  of 
the  very  small  diameter  of  the  tube.  The  usual  way  is  to  put  a 
little  liquid  into  the  cup  at  the  upper  extremity  of  the  tube,  and 
press  it  with  the  stopper;  this  pressure  is  generally  sufficient  to  make 
the  liquid  pass  into  the  flask.  These  two  methods  for  determining 
densities  are  susceptible  of  great  precision. 

Other  methods  will  be  described  in  Chapter  x 

In  the  following  table  we  give  the  specific  gravities  of  some  liquids 
and  solids. 


Liquids,  at  Temperature  of  Freezing  Water. 


Water,  sea,  ordinary, 1*026 

Alcohol,  pure, *791 

„        proof  spirit, '916 

Ether, -716 

Mercury,       13696 

Naphtha, '848 


Oil,  linseed, -940 

olive, '915 

whale, *923 

of  turpentine, '870 

Blood,  human, 1*055 

Milk,  of  cow, 1*08 


» 


ff 
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Solids. 


t, 7-8  to  8-4 

„      wire, 8'54 


•> 


99 


BroDxe, 8*4 

Copper,  cast, 8*6 

Bheet^ 8'8 

hammered, 8'd 

Gold, 19  to  196 

IixxD,  cast, 6*95  to  7'8 

„    wrought, 7-6    to  7-8 

Lead, 11-4 

Platinum, 21  to  22 

SItbt, 10-5 

Steel, 7-8  to  7-9 

Tin, 7-3  to  7-5 

Zinc, 6*8  to  7*2 


Ice, 

Basalt^ 300 

Brick, 2  to  217 

Brickwork, 1  "8 

Chalk, 1-8  to  2-8 

Clay, 1-92 

Glass,  crown, 2*5 

„     flint, 30 

Quartz  (rock-Grystal), 2*65 

Sand, ^  1-42 

Fb,  spruce, •  48  to  7 

Oak,  European, '69  to  '99 

lignum-vits, '65  to  1*38 

Sulphur,  octahedral, 205 

prismatic,        1*98 


tt 


The  unit  of  specific  gravity  is  the  specific  gravity  of  pure  water  at  the  temperature  of 
maximum  density  (39°'l  Fahr.) 

The  weight  of  a  cubic  foot  of  any  substance  is  equal  to  62*425  lbs.  avoirdupois,  multi- 
plied by  its  specific  gravity. 

The  weight  of  a  oubic  centimetre  of  any  substance,  in  grammes,  is  equal  to  its  specific 
gravity. 

The  weight  of  a  litre  (or  cubic  decimetre)  of  any  substance,  in  kilogrammes,  is  equal  to 
ita  specific  gravity. 

The  weight  of  a  gaUon  of  any  liquid,  in  lbs.  avoirdupois,  is  equal  to  its  specific  gravity 
multiplied  by  10. 
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Fig.  46.— TranamisaLoii  of 
Preasarai. 


60.  Transmission  of  Pressure. — The  peculiar  constitution  of  liquids 
(§  19)  involves  some  important  properties  as  regards  pressure  and  the 
transmission  of  pressure.  If  we  suppose  that  in  a  vessel  A  (Fig.  46), 
full  of  liquid,  an  opening  is  made  at  F,  and  a  certain  pressure  applied 

there  by  means  of  a  piston,  the  effect  of  this 
pressure  will  be  to  bring  the  molecules  closer 
together,  and,  consequently,  to  create  a  repul- 
sive action  between  thenu  As  this  result 
takes  place  throughout  the  whole  extent  of 
the  mass,  it  is  evident  that  each  point  in  the 
sides  of  the  vessel  will  be  pressed,  and  that 
thus  the  effect  of  the  single  pressure  will  be 
transmitted  in  an  infinite  number  of  different 
directiona  This  kind  of  irradiation  of  pres- 
sure in  fluids  is  a  distinctive  characteristic, 
and  has  most  important  applications. 

The  pressure  exerted  at  P  takes  effect  not  only  upon  the  sides  of 
the  vessel,  but  also  at  every  point  in  the  liquid.  Thus  a  small  plane 
lamina,  which  we  will  suppose  placed  at  M,  will  be  subjected  to  two 
equal  and  opposite  pressures  upon  its  two  faces.  It  is  also  very 
important  to  remark,  that  on  account  of  the  uniform  nature  of  the 
liquid,  these  pressures  will  not  change  in  magnitude  if  we  suppose 
the  lamina  turned  round  so  as  to  take  different  directions  in  the 
liquid  mass,  for  there  is  evidently  no  reason  why  the  pressure  should 
be  greater  in  one  direction  than  in  another. 

61.  Direction  of  Pressure. — ^The  same  reason  of  symmetry  shows  us 
that,  at  each  of  their  points  of  application,  these  pressures  are  normal 
or  perpendicular  to  the  surface;  for  if  any  reason  were  assigned  for 
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their  incUnatioii  in  a  certain  direction^  a  similar  reason  could  also 
be  assigned  for  their  inclination  in  any  other  direction.  This  im- 
portant truth  may  also  be  inferred  from  observing  that  if  at  any 
point  M  in  the  side  of  a  vessel  (Fig.  47)  the  pressure  PM  was  not 
normal,  it  could  be  decomposed  into  two:  one, 
MN,  along  the  normal  to  the  surface,  which 
would  be  destroyed  by  the  resistance  of  the 
surface ;  the  other,  MA,  along  the  surface  itself, 
which  latter  force  would  cause  a  sliding  motion 
in  the  liquid  molecule  at  M,  which  serves  as 
the  medium  of  transmitting  the  pressure. 

Experiment  enables  us,  if  not  rigorously  to 
demonstrate  this  principle,  at  least  to  show  that  the  direction  of 
transmitted  pressure  is  sensibly  normal.     For  example,  if  a  sphere 
is  taken,  pierced  with  several  holes,  and  con- 
taining a  liquid,  which  is  compressed  by 
means  of  a  piston  in  a  tube  communicating 
with  the  sphere,  the  liquid  is  seen  to  spout 
out  in  jets  which  take  a  curvilinear  form 
under  the  action  of  gravity,  but  which  at 
their  origin  appear   perpendicular    to    the 
spherical  surface.     The  eflfect  is  the  more 
striking  the  greater  the  pressure  exerted  on 
the  piston. 

62.  Pascal's  Principle,  or  the  Equal  Trans- 
mission of  Pressure  in  all  Directions. — If  we 
have  a  vessel  A  full  of  a  liquid  (Fig.  49),  and 
if  at  a  certain  point  P  a  certain  pressure  be 
exerted  by  means  of  a  piston  of  the  area  of 
a  square  inch,  suppose,  each  square  inch  of 

the  sides  of  the  vessel  wiU  be  subjected  to  an  equal  pressure.  If 
then  at  any  point  an  opening  is  made  of  the  area  of  a  square  inch, 
and  closed  with  a  piston,  it  will  be  necessary,  in  order  to  prevent 
the  piston  from  moving,  to  apply  to  it  from  outside  a  pressure  equal 
to  that  which  is  directly  applied  to  the  piston  P.  A  lamina  of  the 
same  area  placed  in  any  direction  in  the  liquid  will  also  be  subjected 
to  an  equal  pressure  on  each  of  its  two  faces. 

Hence  it  follows  that  if  we  suppose  a  piston  of  the  area  of  two 
square  inches  closiug  a  corresponding  opening,  since  each  of  these 
two  inches  of  area  receives  a  pressure  equal  to  that  which  acts  upon 
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P,  the  whole  piston  will  receive  a  double  pressure ;  whence  we  see 
that  in  general  the  transmitted  pressure  should  vary  as  the  area  of 
the  surface  pressed. 

This  is  the  form  in  which  Pascal  enunciated  the  principle  in  his 

celebrated  treatise  on  the  JEquilibrium  of 
Liquids.  "If  a  vessel  full  of  water,  closed 
on  all  sides,  has  two  openings,  the  one  a 
hundred  times  as  large  as  the  other,  and 
if  each  be  supplied  with  a  piston  which 
fits  exactly,  a  man  pushing  the  small 
piston  will  exert  a  force  which  will  equili- 
brate that  of  a  hundred  men  pushing  the 
Rg.  49.-PMcai'B  Principle.         piston  which  is  a  hundred  times  as  large, 

and  will  overcome  that  of  ninety-nine. 
And  whatever  may  be  the  proportion  of  these  openings,  if  the  forces 
applied  to  the  pistons  are  to  each  other  as  the  openings,  they  will 
be  in  equilibrium." 

In  general,  let  P  be  the  pressure  exerted  upon  a  liquid  by  the  aid 

of  a  piston  of  superficial  extent  S,  each  unit  of  surface  of  this  piston 

p 

will  be  subjected  to  a  pressure  ^,    and,  as  a  consequence,  on  each 

unit  of  surface  of  the  sides  of  the  vessel  a  similar  pressure  will  be 
produced  If  then  openings  of  areas  S',  S" . . . .  are  made  at  different 
points,  and  closed  with  pistons,  we  must,  in  order  to  prevent  the 
pistons  from  moving,  apply  to  them  forces  F,  F' .  .  .  .  equal  respec- 

/  P        P 

tively  to  S'  ^,  S"  ^  .  .  .  .  which  gives  the  following  equations: — 

Pp         p       p/       p/# 

I 

63.  Pascal's  principle  leads  to  a  consequence  which  we  may  verify 
by  experiment.  If  into  a  system  of  two  tubes  in  communication 
with  each  other,  and  of  unequal  sectional  area,  we  introduce  a  liquid, 
it  will  stand  at  the  same  height  in  both  branche&  If  then  we  place 
a  piston  on  the  liquid  in  the  narrow  tube,  and  subject  it  to  a  certain 
pressure  P,  this  pressure  will  be  transmitted  to  the  liquid,  which  will 
be  forced  back  into  the  large  tube ;  to  hinder  this  motion  we  must 
place  a  piston  in  the  large  tube,  and  apply  to  it  a  force  which  has 
the  same  ratio  to  the  force  P  as  the  area  of  the  larger  piston  to  that 
of  the  smaller.  If,  for  example,  the  former  has  an  area  16  times 
that  of  the  latter,  a  pressure  of  1  pound  exerted  at  one  of  the 
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Fig.  50.— Principle  of  the  Hydraulio 
PreoB. 


extremities  of  the  liquid  column  will  produce  a  pressure  of  16  pounds 
at  the  other  extremity.     We  thus  see  that  a  small  force  may  be 
made  to  produce  a  very  great  one.     This 
is  the  principle  of  the  hydraulic  press,  a 
machine  which  we  shall  describe  further  on 

We  must  remark,  however,  that  if  work 
is  to  be  done,  the  one  piston  must  displace 
the  other;  and  it  is  very  evident  that,  on 
account  of  the  difference  of  section,  if  the 
small  piston  moves  through  a  certain 
length,  the  large  piston  will  move  through 
one-sixteenth  of  that  length;  so  that  in 
this  apparatus  we  have  a  direct  verifica- 
tion of  this  general  principle  of  mechanics, 
that  what  is  gained  in  fwce  is  lost  in 
velocity. 

This  twofold  observation  has  been  clearly  enunciated  by  Pascal, 
who  expresses  himself  in  the  following  manner  at  the  end  of  the 
passage  which  we  have  already  quoted: — "Whence  it  appears  that 
a  vessel  ftdl  of  water  is  a  new  principle  of  mechanics,  and  a  new 
machine  for  the  multiplication  of  force  to  any  required  degree,  since 
one  man  will  by  this  means  be  able  to  raise  any  given  weight 

**  It  is,  besides,  worthy  of  admiration  that  in  this  new  machine 
we  find  that  constant  rule  which  is  met  with  in  all  the  old  ones, 
such  as  the  lever,  wheel  and  axle,  screw,  &c.,  which  is  that  the 
distance  is  increased  in  proportion  to  the  force;  for  it  is  evident  that 
as  one  of  these  openings  is  a  hundred  times  as  large  as  the  other, 
if  the  man  who  pushes  the  small  piston  drives  it  foi*ward  one  inch, 
he  will  drive  the  large  piston  backward  only  one-hundredth  part  of 
that  length.'* 

If  we  endeavoured  to  perform  the  preceding  experiment  in  order 
to  demonstrate  experimentally  the  principle  of  Pascal,  we  should 
arrive  at  only  an  approximate  verification ;  for  to  obtain  an  accurate 
experiment  it  would  be  necessary  that  the  pistons  should  fit  their 
openings  with  great  exactness,  and  this  would  involve  a  large  amount 
of  friction. 

The  verification  would  be  still  more  difficult  if  we  endeavoured  to 
perform  the  experiment  described  in  §  62,  for  in  this  case,  besides 
the  cause  of  error  which  we  have  just  mentioned,  the  phenomena 
would  be  complicated  by  the  action  of  gravity,  which  of  itself  pro- 
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duces  variable  pressures  on  tbe  different  openings,  according  to  their 
depth  below  the  surfSstce  of  the  liquid.^  In  fact,  the  principle  of 
Pascal  is  an  abstract  principle,  a  kind  of  general  synthesis  of  pheno- 
mena which  cannot  be  made  the  subject  of  direct  demonstration. 
It  is  by  the  constant  agreement  of  its  consequences  with  our  observa- 
tion that  the  authority  and  legitimacy  of  the  principle  are  estab- 
lished ;  we  shall  see  from  all  that  follows  how  complete  and  invariable 
is  that  agreement 

64.  Fundamental  Principle  of  Equilibrium  in  Heavy  Liquids.  SurfiEtces 
of  Equal  Pressure. — Pascal's  principle  is  a  general  consequence  of  tbe 
constitution  of  liquids,  and  is  independent  of  the  action  of  gravity. 
By  introducing  this  latter  force  we  arrive  at  special  results,  which 
we  shaU  describe  in  succession.  The  most  important,  which  may  be 
considered  as  the  fundamental  rule  in  hydrostatics,  consists  in  the 
fact  that  the  different  points  in  a  horizontal  layer  of  a  heavy  liquid 

are  avbject  to  the  same  pressure.  Let  us  con- 
sider two  points,  A  and  B  (Fig.  51),  situated  in 
the  same  horizontal  plane  in  a  heavy  liquid. 
If  we  suppose  that  A  and  B  are  the  centres  of 
two  smaU  plane  surfaces  which  are  vertical  and 
parallel,  we  may  consider  these  surfaces  as  the 
bases  of  a  very  narrow  horizontal  cylinder  of 
liquid.  As  this  cylinder  is  in  separate  equi- 
librium in  the  general  mass,  we  may  conclude 
that  its  bases  A  and  B  are  subject  to  equal  and  contrary  pressures 
in  the  direction  of  the  arrows  shown  in  the  figure;  for  the  re- 
maining pressures  due  to  tbe  surrounding  liquid  act  in  directions 
perpendicular  to  the  axis  of  the  cylinder,  and  thus  cannot  influence 
the  equilibrium  in  the  direction  of  the  axis.  The  two  elements  A 
and  B  are  therefore  subject  to  the  same  pressure  in  one  direction ; 
but  the  pressure  at  a  point  is  equal  in  all  directions  (§  60) ;  and  as  A 
and  B  are  any  points  in  the  same  horizontal  layer,  it  follows  that  the 
pressures  at  all  points  in  the  same  horizontal  layer  are  equal  We 
may  add,  as  a  consequence  of  this,  that  the  density  is  also  the  same 
at  all  points  of  a  horizontal  layer.  On  account  of  the  slight  com- 
pressibility of  liquids,  the  variation  of  their  density  with  the  depth 

^  The  presBures  on  the  different  pistons  (supposed  equal  in  area)  would  differ  from  each 
other  by  constant  amounts,  depending  on  their  differences  of  level ;  but,  on  account  of  this 
constancy,  any  increase  of  pressure  on  one  piston  would  require  an  equal  increase  of 
pressure  on  every  other  in  order  to  the  maintenance  of  equilibrium. 
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is  scarcely  sensible;  but  the  above  result  is  true  for  all  heavy  fluids, 
whether  compressible  or  incompressible. 

In  proceeding  from  one  surface  of  equal  pressure  to  another,  the 
pressure  increases  or  diminishes  according  as  the  depth  increases  or 
diminishes.     Thus,  for  example,  if  we  consider  a  small  horizontal 
element  m  of  a  horizontal  layer  AB,  and  con- 
ceive the  vertical  cylinder  wm!  reaching  to 
the  horizontal  layer  CD,  it  is  quite  clear  that, 
independently  of  the  pressure  at  m',  which 
is  transmitted  undiminished  to  m,  this  latter 
element  is  subject  to  a  pressure  equal  to  the 
weight  of  the  liquid  contained  in  the  cyUnder 

If  we  call  a  the  area  of  the  element  m,  h 
the  distance  between  the  two  horizontal  layers, 

and  d  the  weight  of  unit  volume  of  the  liquid,  the  volume  of  the 
cylinder  is  expressed  by  «A,  and  its  weight  by  aJid.  This  last  ex- 
pression, therefore,  represents  the  variation  of  pressure  for  an  element 
of  area  «,  when  its  depth  below  the  surface  varies  by  a  quantity 
equal  to  h ;  and  dividing  by  the  area  8  we  see  that  hd  is  the  ex- 
pression for  the  difference  of  pressure  per  unit  area,  corresponding 
to  a  difference  of  depth  h, 

66.  Free  Surface. — It  follows  from  the  foregoing  principles  that 
the  free  surface  of  a  heavy  liquid  must  be  horizontal.  We  have 
already  given  an  experimental  demonstration  of  this  important  fact 


Fig.  6S. 


Fig.  68. 


Fig.  54. 


It  could  also  have  been  predicted  from  d  priori  considerations  Let 
CD  (Fig.  53)  be  the  free  surface,  and  m,  m'  two  small  equal  elements 
of  Bur&ce,  in  the  horizontal  layer  AB.  These  two  elements  must  be 
subject  to  equal  pressures,  which  are  evidently  represented  by  the 
weights  of  the  cylinders  mn,  mV;  these  cylinders  must,  therefore, 
have  the  same  height,  or  the  points  n  and  n'  must  be  in  the  same 
horizontal  plane. 
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The  same  conclusion  is  arrived  at  by  observing  that  if  at  any  point 
whatever  of  the  surface  M  (Fig.  54)  the  liquid  did  not  assume  a 
horizontal  position,  the  weight  of  the  liquid  molecule  at  M  could  be 
decomposed  into  two  forces,  one  perpendicular  to  and  one  along  the 
surface  of  the  liquid.  The  effect  of  the  first  would  merely  be  to 
compress  the  liquid,  and  it  would  be  destroyed  by  the  reaction  of 
the  liquid;  but  the  second  would  produce  a  displacement  of  the 
molecule.  Equilibrium,  therefore,  can  only  exist  on  condition  of  the 
annihilation  of  this  second  component;  that  is,  the  surface  must  be 
horizontal  at  all  points. 

This  mode  of  reasoning  shows  us  that,  in  general,  when  the  Uquid 

mass  is  subjected  to  the  action  of  any  number  of 
forces,  it  is  necessary  for  equilibrium  that  the  free 
surface  be,  at  all  points,  perpendicular  to  the  re- 
sultant of  the  acting  forces.  If,  for  instance,  we 
place  upon  the  whirling  table  a  glass  containing 
a  liquid  (Fig.  55),  and  give  it  a  rotatory  motion, 
we  shall  see  the  surface  become  hollowed,  and 
assume  a  curvilinear  form.  In  fact,  each  of  the 
molecules  is  subjected  simultaneously  to  the  action 
of  gravity  and  of  centrifugal  force;  and  it  is  the 
resultant  of  these  two  forces  which  must  be  every- 
where perpendicular  to  the  free  surface.  It  is 
easily  shown  that  this  surface  must  be  a  para- 
boloid of  revolution,  so  that  the  section  repre- 
sented in  the  figure  is  a  parabola. 
66.  Pressure  upon  the  Bottom  of  Vessels. — If  we 
Fig.  65. -Rotating  vesBei    cousidcr  a  hcavy  liquid   placed   in  a  vessel  the 

bottom  of  which  is  formed  by  a  plane  horizorUal 
surface,  it  is  easy  to  determine  the  pressure  exerted  by  the  liquid 
upon  this  plane.  Let  ABMN  (Fig.  56)  be  a  vessel  filled  with 
liquid  to  the  level  MN,  and  ifri  an  element  of  surface  on  the  bottom 
AB.  On  m  suppose  a  small  vertical  cylinder  to  stand,  meeting 
the  horizontal  layer  LL'  in  m'.  On  the  element  n,  equal  to  Tn, 
and  in  the  horizontal  layer  LL',  suppose  a  vertical  cylinder  to 
stand,  cutting  the  horizontal  layer  RR'  in  n\  Suppose  another 
similar  vertical  cylinder  on  r,  an  element  equal  to  7a,  and  let  this 
cylinder  meet  SS'  in  r';  it  is  evident  that,  by  continuing  this  con- 
struction, we  shall  finally  arrive,  whatever  be  the  shape  of  the  vessel, 
at  a  cylinder  SS',  which  will  extend  upwards  to  the  free  surface 
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Fig.  60. — ^Pressure  on  the  Bottom  of 
Veasels. 


MN.  Now,  the  element  m  is  subject  to  a  pressure  greater  than  that 
at  w'  by  a  quantity  equal  to  the  weight  of  the  cylinder  7Jfhm\  Simi- 
rally  m'  is  subject  to  a  pressure  which 
is  equal  to  that  at  tiy  and  greater  than 
that  at  n'  by  a  quantity  equal  to  the 
weight  of  the  cylinder  nri  ;  whence 
it  is  evident,  by  pursuing  this  reason- 
ing, that  the  element  m  supports  a 
pressure  equal  to  the  sum  of  the 
weights  of  the  cylinders  nvm!,  nn\ 
rr\  88' \  that  is,  to  the  weight  of  a 
cylinder  of  liquid  standing  on  the 
base  m,  and  extending  vertically 
upwards  to  the  firee  surface.  As  all 
points  in  the  bottom  AB  are  subject  to 

the  same  pressure,  it  follows  that  the  entire  pressure  on  the  bottom 
of  the  vessel  is  equal  to  the  weight  of  a  liquid  column  whose  base 
is  the  bottom  of  the  vessel,  and  height  the  vertical  distance  between 
the  bottom  and  the  free  surface,  or  what  is  called  the  height  of  the 
liquid  in  the  vessel^ 

Let  B  be  the  area  of  the  bottom  of  the  vessel,  H  the  height  of 
the  liquid,  and  D  its  weight  per  unit  volume,  then  the  pressure  is 
expressed  by  the  formula  BHD. 

If,  for  instance,  in  a  vessel  whose  bottom  is  two  square  decimetres 
in  area,  there  is  a  column  of  mercury  of  the  height  of  5|  decimetres, 
the  volume  of  this  column,  which  measures  the  pressure,  is  2  X  5^ 
=  11  cubic  decimetres,  and  its  weight^  is  11  xl3*59=149-49  kilo- 
grammea 

67.  Experiment  of  Pascal's  Vases. — The  preceding  proposition  shows 
that  the  pressure  on  the  bottom  of  a  vessel  depends  only  upon  the 
area  of  the  bottom  and  the  height  of  the  liquid,  the  form  of  the 
vessel  being  quite  immaterial.  In  order  to  verify  this  fact,  Pascal 
contrived  an  experiment  which,  with  some  modifications,  is  now 
commonly  introduced  in  courses  of  physics.  The  apparatus  employed 
is  a  tripod  (Fig.  57)  supporting  a  ring,  into  which  can  successively 


'  In  these  remarkB  we  neglect  the  atmospheric  pressure  which  is  exerted  upon  the  free 
■nrfaoe  and  transmitted  to  the  bottom  of  the  yessel. 

'  This  example  illustrates  the  convenience  of  the  metrical  system.   The  weight  of  a  cubic 

dedm.  of  water  is  1  kilo.,  and  the  sp.  gr.  of  mercuiy  is  18 '59 ;  hence  the  weight  of  a  cubic 

dedm.  of  mercury  is  18*59  kilos. 
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be  screwed  three  vessels  of  differeDt  shapes,  one  widened  upwards, 
another  cylindrical,  and  the  third  tapering  upwards.  At  the  lower 
part  of  the  ring  is  a  disc,  supported  by  a  thread  fixed  to  one  of  the 
scales  of  a  balance.  Weight*  placed  in  the  other  scale  keep  the 
disc  pressed  i^iusfc  the  ring  with  a  certain  force.  Let  the  cylin- 
drical vase  be  placed  upon  the  tripod,  and  filled  with  water  until  the 


pressure  exerted  on  the  disc  detaches  it  from  the  ring.  An  Indicator 
marks  the  level  of  the  liquid  when  this  takes  place.  Let  the  experi- 
ment be  repeated  with  the  two  other  vases,  and  the  disc  will  be 
detached  when  the  water  has  reached  the  same  height;  showing 
plainly  that  the  pressure  on  the  bottom  of  a  vessel  is  independent  of 
the  shape  of  the  vessel 

But  we  may  go  further;  for  in  the  case  of  the  cylindrical  vessel 
it  is  evident  that  the  pressure  on  the  bottom  is  equal  to  the  weight 
of  the  contained  liquid.  Now  this  weight  is  necessarily  equal  to 
that  which  counterpoised  it  in  the  other  scale  of  the  balance;  hence 
in  all  three  cases  the  pressure  on  the  bottom  of  the  vessel  is  equal  to 
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the  weight  of  a  liquid  column  with  the  bottom  as  base  and  of  the 
same  height  as  the  liquid  in  the  vessel 

68.  Upward  Pressure. — ^The  pressure  exerted  at  any  point  of  a  liquid 
mass  being  the  same  in  all  directions,  a  horizontal  surface  facing 
downwards  should  be  subjected  to 
an  upward  pressure  equal  to  the 
downward  pressure  which  would 
be  exerted  if  the  liquid  were  acting 
in  the  other  direction.  Suppose 
we  take  a  tube  open  at  both  ends 
(Fig.  58),  and  apply  to  the  lower 
end  a  flat  cover.  If  we  plunge  the 
tube  into  a  liquid,  the  liquid  will 
press  up  the  cover  against  the  bot- 
tom of  the  tube  with  a  force  which 
increases  as  the  tube  is  plunged 
deeper  in  the  liquid.  If  we  then 
pour  liquid  into  the  tube,  this  will  ^ 
produce  a  downward  pressure  upon  S; 
the  cover,  and  when  the  level  of  ^ 
the  liquid  is  the  same  inside  the 
tube  as  outside  the  cover  will  be 
detached,  the  upward  pressure  being  destroyed  by  the  pressure 
exerted  by  the  liquid  inside  the  tube  in  the  contrary  direction. 

69.  Total  Pressure.  Resultant  Pressure  on  VesseL  Hydrostatic  Paradox. 
— When  a  vessel  of  any  shape  is  filled  with  a  liquid,  normal  pres- 
sures are  exerted  against  all  points  of  its  sides,  increasing  with  the 
depth,  and  equal  in  each  case  to  the  pressure 

in  the  corresponding  horizontal  layer  of  the 
liquid.  We  may  suppose  a  summation  of  all 
the  pressures  thus  exerted  upon  the  difierent 
superficial  elements  of  the  sides;  this  gives 
what  is  called  the  total  'pressure  exerted  by 
the  Uquid  (see  §  72). 

This  total  pressure  must  not  be  confounded 
with  the  resultant  pressure  which  is  trans- 
mitted to  the  stand  on  which  the  vessel  rests. 
In  fact  we  see  that,  of  the  elements  of  pres- 
sure, some  are  transmitted  entire  to  the  stand ; 
these  are  the  vertical  pressures  exerted  upon  the  bottom  A6;  others. 


Fig.  58.— Upward  PrbBBura. 
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Fig.  69.— Total  PresBure. 
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those  for  instance  at  n  and  n\  are  only  transmitted  in  paii,  because 
their  direction  is  oblique ;  the  horizontal  pressures  at  r  and  r'  are 
evidently  without  influence ;  and  the  pressures  exerted  at  8  and  «' 
tend  to  raise  the  vessel.  It  is  by  the  combination  and  composition 
of  these  pressures  of  different  intensity  and  direction  that  the  re- 
sultant pressure  upon  the  stand  on  which  the  vessel  rests  is  obtained 
Hydrostatic  Paradox. — It  has  been  thought  paradoxical  that 
vessels  whose  bottoms  were  subjected  to  equal  pressures  did  not 
transmit  equal  pressures  to  the  stand  on  which  they  were  placed. 
In  reality,  nothing  is  less  paradoxical;  the  pressure  on  the  bottom 
of  the  vessel  is  only  one  of  the  elements  which  combine  to  produce 
the  resultant  pressure  transmitted  to  the  stand. 

70.  Composition  of  Pressures. — It  may  be  regarded  as  quite  evident 
that  this  latter  pressure  is  in  all  cases  equal  to  the  weight  of  the 
liquid ;  which  amounts  to  saying  that  if  we  place  a  vessel  containing 
liquid  in  one  scale  of  a  balance,  we  must,  in  order  to  equilibrate  it, 
place  in  the  other  scale  weights  equal  to  the  sum  of  the  weights  of 
the  liquid  and  the  vessel  This  result  is  also  easily  shown  from 
d  priori  considerations  in  some  simple  cases. 

Thus  in  the  case  of  a  cylindrical  vessel  ABDC  (Fig.  60)  it  is  evi- 
dent that  the  only  pressure 
transmitted  to  the  stand  is 
that  exerted  upon  the  bot- 
tom, which  is  equal  to  the 
weight  of  the  liquid.  In  the 
case  of  the  vessel  which  is 
wider  at  the  top,  the  stand 
is  subjected  to  the  weight 
of  the  liquid  column  ABSK, 
which  presses  on  the  bottom  AB,  together  with  the  columns  GHKC, 
RLDS,  pressing  on  GH  and  RL ;  the  sum  of  which  weights  composes 
the  total  weight  of  liquid  contained  in  the  vessel  Finally,  in  the 
third  case,  the  pressure  on  the  bottom  AB,  which  is  equal  to  the 
weight  of  a  liquid  column  ABSK,  must  be  diminished  by  the  pres- 
sures in  the  opposite  direction  on  HG  and  EL.  These  last  being 
represented  by  liquid  columns  HGCK,  RLSD,  there  is  only  left  to  be 
transmitted  to  the  stand  a  pressure  equal  to  the  weight  of  the  water 
in  the  vessel  By  the  application  of  the  ordinary  rules  for  the  com- 
position of  forces,  it  can  easily  be  shown*  that  this  result  is  perfectly 
general.     Here,  then,  we  have  Pascal's  principle  leading  to  a  conclu* 
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•Fig.  60.— Hydrostatic  Panuloz. 
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aion  which  is  obvioiialy  true,  and  which  therefore  furnishes  a  c 
firm&tion  of  the  principle  itself 

7L  Motion  produced  by  the  flowing 
of  a  Liquid. — The  demonstration  to 
which  we  have  just  referred  amounts 
to  showing,  by  the  analysis  of  the  dif- 
ferent pressures,  that  the  horizontal 
components  of  these  pressures  equili- 
brate each  other,  and  that  the  vertical 
components  are  equivalent  to  a  single 
force  equal  to  the  weight  of  the  liquid. 
The  evidence  of  experiment  is  as  strong 
for  the  first  part  of  this  proposition 
as  for  the  second.  If  we  place  a  vessel 
(Fig.  61)  in  such  a  position  as  to  be 
very  susceptible  of  motion  in  a  hori- 
zontal direction,  whether  by  suspending  it  by  a  thread,  or  by  floating 
it  in  water,  and  under  these  circumstances  fill  it  with  liquid,  however 
great  may  be  the 
mobility  of  the  ap- 
paratus, not  the 
slightest  displace- 
ment is  obeerved. 
This  proves  that 
th  ehorizootal  com- 
ponents of  pres- 
sure equilibrate 
one  another.  This 
equilibriimi  is  ef- 
fected through  the 
medium  of  the  ves- 
sel ;  but  if  we  sup- 
pose an  opening , 
made  at  any  point 
of  the  vessel,  the 
liquid  will  run  out, 
and   the   pressure 

exerted       at       the  Fig.  62.— Hjdranlii]  TcmnilqueL 

point  diametrical- 
ly opposite  will  propel  the  vessel  in  the  opposite  direction  to  that  in 
which  the  liquid  is  escaping. 
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This  observation  explains  the  motion  of  the  apparatus  called  the 
hydraulic  tourniquet  It  consists  (Fig.  62)  of  a  vessel  capable  of 
rotation  about  a  vertical  axis,  having  at  its  lower  extremity  a  tube, 
the  two  portions  of  which  are  bent  in  opposite  directions,  and  left 
open  at  the  ends  to  allow  the  liquid  to  escape.  The  reaction  at  the 
points  opposite  to  the  openings  causes  the  rotatory  motion  of  the 
apparatus. 

When  the  velocity  of  efflux  is  sufficiently  great,  the  motion  can 
be  employed  for  practical  purposes,  and  hydraulic  engines  based 
on  this  principle  have  frequently  been  proposed  and  tried;  Barker's 
mill  is  one  of  the  best  known. 

72.  Centre  of  Pressure. — When  we  consider  the  particular  case  of 
the  pressure  exerted  by  a  liquid  upon  a  2^f^'f^  surface,  the  different 
elements  of  pressure  being  all  parallel,  it  may  be  required  to  deter- 
mine the  point  of  application  of  the  resultant  pressure.  This  point 
is  called  the  centre  of  pressure.  The  centre  of  pressure  does  not 
coincide  with  the  centre  of  gravity;  it  is  always  situated  below 
this  latter,  since  the  elementary  forces  which  must  be  combined  in 
order  to  obtain  it,  instead  of  being  uniformly  distributed  over  the 
surface,  increase  with  the  depth. 

The  investigation  of  the  centre  of  pressure  constitutes  a  separate 
chapter  of  mathematical  physics,  and  we  shall  not  enter  upon  it  here; 
we  shall  simply  examine  a  particular  case,  fitted  to  give  accurate 
ideas  with  regard  to  this  point. 

Let  a  rectangular  surface  RB  be  immersed  in  a  liquid,  which  extends 

as  far  as  R ;  we  may  suppose  it,  for  in- 
stance, a  flood-gate  or  the  side  of  a  dam 
for  holding  water.  The  pressure  goes  on 
increasing  from  the  point  R,  where  it  is 
zero,  to  the  point  B,  where  it  attains  its 
maximum  value;  it  has  the  same  value 
bT^-~       -  ~    for  all  points  in  the  same  horizontal  line, 

Fig.e3.-CentreofPre«uie.       ^^^  ^^  at  oach  poiut  proportioual  to  the 

distance  from  the  surface  of  the  water. 
If,  then,  at  the  point  B  we  draw  a  perpendicular  B&  equal  to  RB, 
and  join  R&,  the  different  parallel  lines  Dd,  Hh,  U,  in  the  triangle 
RB6  will  be  proportional  to  the  pressures  at  the  points  D,  H,  L.  The 
composition  of  these  pressures,  then,  amounts  to  finding  the  centre  of 
gravity  of  the  triangle  RbB;  but  the  height  of  this  from  the  base  is 
one-third  of  the  height  of  the  triangle;  the  centre  of  pressure  thus 
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lies  at  one-third  of  the  height  RB.  It  is  further  evident  by  symmetry 
that  it  will  lie  on  the  line  joining  the  middle  points  of  the  upper 
and  lower  sides  of  the  rectangle. 

As  for  the  total  pressure  on  RB,  it  may  be  obtained  in  the  special 
case  under  consideration  by  observing,  that  since  the  pressure  in- 
creases uniformly  from  B  to  B,  its  average  intensity  is  equal  to  the 
pressure  at  the  middle  point.  The  total  pressure  is  therefore  the  same 
in  amount  (though  not  in  distribution)  as  if  the  surface  were  pressed 
at  all  points  by  a  body  of  water  of  half  the  height  of  RB. 

Suppose  the  height  of  RB  =  3  metres,  and  its  breadth  =  5  metres, 
the  total  pressure  will  be  equal  to  the  weight  of  5 X  1*5 =75  cubic 
metres  of  water,  that  is,  to  7500  kilos.,  and  will  have  for  its  resultant 
a  single  force  of  this  amount  applied  not  at  the  centre  of  gravity, 
but  at  the  centre  of  pressure. 

We  may  remark  that  the  middle  point  of  the  height  of  the  rectangle 
exactly  corresponds  to  the  centre  of  gravity  of  the  figure,  and  it  may 
be  demonstrated  in  general  that  the  total  pressure  on  cmy  surface, 
whether  plane  or  curved,  is  equal  to  the  weight  of  a  liquid  column 
having  that  surface  for  hose,  and  for  height  the  distance  of  the  centre 
of  gravity  froTYi  the  surface  of  the  water. 
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?3.  Pressure  of  Liquids  on  Bodies  immersed. — When  a  body  is  immersed 
in  a  liquid,  the  different  points  of  its  surface  are  subjected  to  pres- 
sures which  obey  the  rules  laid  down  in  the  preceding  chapter. 
As  these  pressures  increase  with  the  depth,  it  is  evident  that  those 
which  tend  to  raise  the  body  overcome  those  which  tend  to  sink  it, 
so  that  the  resultant  effect  is  a  force  in  the  direction  opposite  to  that 
of  gravity. 

By  means  of  an  analysis,  similar  to  that  in  §  70,  it  may  be  shown 
that  this  resultant  upward  force  is  exactly  equal  to  the  weight  of  the 
liquid  displaced  by  the  body. 

This  conclusion  can  very  readily  be  verified  in  some  simple  cases: 
suppose,  for  example  (Fig.  G^),  a  right  cylinder  plunged  vertically  in 
a  liquid,  and  let  us  examine  the  effect  of  the  different  pressures  exerted 
by  the  liquid  upon  its  surface.  It  is  evident,  in  the  first  place,  that 
if  we  consider  any  point  on  the  sides  of  the  cylinder,  the  normal  and 
horizontal  pressure  on  that  point  is  destroyed  by  the  equal  and 
contrary  pressure  at  the  point  diametrically  opposite;  and,  as  the 
same  is  the  case  for  all  similar  points,  we  see  that  the  horizontal 
pressures  destroy  each  other.  As  regards  the  vertical  pressures  on 
the  ends,  one  of  them,  that  on  the  upper  end  AB,  is  in  a  downward 
direction,  and  equal  to  the  weight  of  the  liquid  column  ABNN; 
the  other,  that  on  the  lower  end  CD,  is  in  an  upward  direction,  and 
equal  to  the  weight  of  the  liquid  column  CNND;  this  latter  pressure 
exceeds  the  former  by  the  weight  of  the  liquid  cylinder  ABCD,  so 
that  the  resultant  effect  of  the  pressure  is  to  raise  the  body  with  a 
force  equal  to  the  weight  of  the  liquid  displaced. 

By  a  synthetic  process  of  reasoning,  we  may,  without  having 
recourse  to  the  analysis  of  the  different  pressures,  show  that  this 
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conclusion  is  perfectly  general  Suppose  we  have  a  liquid  mass  in 
equilibrium,  and  that  we  consider  specially  the  portion  M  (Fig.  65) ; 
this  portion  is  likewise  in  equilibrium.  If  we  suppose  it  to  become 
solid,  without  any  change  in  its  weight  or  volume,  equilibrium  will 
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Fig.  66. 


still  subsist  Now  this  is  a  heavy  mass,  and  as  it  does  not  fall,  we 
must  conclude  that  the  effect  of  the  pressures  on  its  surface  is  to 
produce  a  resultant  upward  pressure  exactly  equal  to  its  weight, 
and  acting  in  a  line  which  passes  through  its  centre  of  gravity. 
If  we  now  suppose  M  replaced  by  a  body  exactly  occupjdng  its  place, 
the  exterior  pressures  remaining  the  same  their  resultant  effect  will 
also  be  the  same. 

The  name  centre  of  buoyari'Cy,  or  centre  of  displacemen^t,  is  given 
to  the  centre  of  gravity  of  the  liquid  displaced  by  a  body  immersed, 
and  we  see  that  we  may  always  suppose  that  it  is  in  this  point  that 
the  upward  pressure  of  the  liquid  is  applied.  The  residts  of  the 
above  explanations  may  thus  be  included  in  the  following  proposi- 
tion :  Every  body  immersed  in  a  liquid  is  svJbjected  to  an  upward 
vertical  pressure  eqiml  to  the  weight  of  the  liquid  displaced,  and 
applied  at  the  centre  of  displacement 

This  proposition  constitutes  the  celebrated  principle  of  Archimedes. 
It  is  often  enunciated  in  the  following  form :  Every  body  immersed 
in  a  liquid  loses  a  portion  of  its  weight  equal  to  the  weight  of  the 
liquid  displaced.  This  enunciation,  though  perhaps  less  correct 
than  the  former,  is  fundamentally  identical  with  it ;  for  if  we  weigh 
a  body  immersed  in  a  liquid,  the  weight  will  evidently  be  diminished 
by  a  quantity  equal  to  the  upward  pressure. 

74.  Experimental  Demonstration  of  the  Principle  of  Archimedes. — ^The 
following  experimental  demonstration  of  the  principle  of  Archimedes 
is  commonly  exhibited  in. courses  of  physics: — 

From  one  of  the  scales  of  a  hydrostatic  balance  is  suspended  a 
hollow  cylinder  of  copper,  and  below  this  a  solid  cylinder,  whose 
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volume  is  equal  to  the  interior  volume  of  the  hollow  cylinder;  these 
are  balanced  by  weights  in  the  other  scale.  A  vessel  of  water  is 
then  placed  below  the  cylinders,  in  such  a  position  that  the  lower 
cylinder  shall  be  immersed  in  it  The  equilibrium  is  immediately 
destroyed,  and  the  upward  pressure  of  the  water  causes  the  scale 
with  the  weights  to  descend.  If  we  now  pour  water  into  the  hollow 
cylinder,  equilibrium  will  gradually  be  re-estabUahed ;  and  the  beam 


Fig.  M.— EiperinuoUl  VnUntfon  of  Prindpla  ot  Aichimadd. 

will  be  observed  to  resume  its  horizontal  position  when  the  hollow 
cylinder  is  full  of  water,  the  other  cylinder  being  at  the  same  time 
completely  immersed.  The  upward  pressure  upon  this  latter  is  thus 
equal  to  the  weight  of  the  water  added,  that  is,  to  the  weight  of  the 
liquid  displaced 

75.  Body  immersed  in  a  Liquid. — It  follows  from  the  principle  of 

Archimedes  that  when  a  body  is  immersed  in  a  liquid,  it  is  subjected 

to  two  forces:  one  equal  to  its  weight  and  applied  at  its  centre  of 

gravity,  tending  to  make  the  body  descend;  the  other  equal  to  the 

"ight  of  the  displaced  liquid,  applied  at  the  centre  of  buoyancy,  and 
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tendiog  to  make  it  rise.  Tbere  are  thus  three  different  cases  to  be 
considered : 

(1.)  The  weight  of  the  body  may  exceed  the  weight  of  the  liquid 
displaced,  or,  in  other  words,  the  mean  deDsity  of  the  body  may  be 
greater  than  that  of  the  liquid ;  in  this  case,  the  body  sinks  in 
the  liquid,  an,  for  instance,  a  piece  of  lead  dropped  into  water. 

(2.)  The  weight  of  the  body  may  be  less  than  that  of  the  liquid 
displaced;  in  this  case  the  body  rises  partly  out  of  the  liquid,  until 
the  weight  of  the  liquid  displaced  is  equal  to  its  own  weight.  This 
is  what  happens,  for  instance,  if  we  immerse  a  piece  of  cork  in  water 
and  leave  it  to  itsel£ 

(3.)  The  weight  of  the  body  may  be  equal  to  the  weight  of  the 
liquid  displaced;  in  this  case,  the  two  opposite  forces  being  equal, 
the  body  takes  a  suitable  position  (§  77)  and  remains  in  equilibrium. 

These  three  ca.ses  are  exemplified  in  the  three  following  experi- 
ments (Fig.  67)  :— 


Fig,  V!,—Beg  Flunggd  id  Fnab  ud  Bait  Witer. 

(1.)  An  e^  is  placed  in  a  vessel  of  water;  it  sinks  to  the  bottom 
of  the  vessel,  its  mean  density  being  a  little  greater  than  that  of  the 
liquid. 

(2.)  Instead  of  iresh  water,  salt  water  is  employed ;  the  egg  floats 
at  the  surface  of  the  liquid,  which  is  a  little  denser  than  it 

(3.)  Fresh  water  is  carefully  poured  on  the  salt  water;  a  mixture 
of  the  two  liquids  takes  place  where  they  are  in  contact;  and  if  the 
egg  is  put  in  the  upper  part,  it  wUl  be  seen  to  descend,  and,  after  a 
few  oscillations,  remain  at  rest  in  a  layer  of  liquid  of  which  it  dis- 
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places  a  volnme  whose  weight  is  equal  to  its  own.  We  may  remark 
that,  in  this  position  the  egg  is  in  stable  equilibrium ;  for,  if  it  rises, 
the  upward  pressure  diminiahing,  its  weight  tends  to  make  it  descend 
again ;  if,  on  the  contrary,  it  sinks,  the  pressure  increases  and  tends 
to  make  it  reascend. 

76,  Cartesian  Diver. — The  experiment  of  the  Cartesian  diver,  which 
is  described  in  old  treatises  on  physics,  shows  each  of  the  different 
cases  that  can  present  themselves  when  a  body  is  immersed.  The 
diver  (Fig.  68)  consists  of  a  hollow  ball,  at  the  bottom  of  which  is  a 
small  opening  O;  a 
little  porcelain  figure 
is  attached  to  theball, 
and  the  whole  floats 
upon  water  contained 
in  a  glass  vessel,  the 
mouth  of  which  is 
closed  by  a  strip  of 
caoutchouc  or  a  blad- 
der. If  we  press  with 
the  hand  on  the  blad- 
der, the  air  is  com- 
pressed, and  the  pres- 
sure, transmitted 
through  the  different 
horizontal  layers, 
condenses  the  air  in 
the  ball,  and  causes 
theentranee  of  a  por- 
tion of  the  hquid  by 
the  opening  0 ;  the 
floating  body  be- 
comes heavier,  and  in 
consequence  of  this  increase  of  weight  the  diver  descends.  When 
we  cease  to  press  upon  the  bladder,  the  pressure  becomes  what  it  was 
before,  some  water  flows  out  and  the  diver  ascend&  It  must  be 
observed,  however,  that  as  the  diver  continues  to  descend  more  and 
more  water  enters  the  ball,  in  consequence  of  the  increase  of  pressure, 
80  that  if  the  depth  of  the  water  exceeded  a  certain  limit,  the  diver 
would  not  be  able  to  rise  again  from  the  bottom. 

If  we  suppose  that  at  a  certain  moment  the  weight  of  the  diver 
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becomes  exactly  equal  to  the  weight  of  an  equal  volume  of  the  liquid, 
there  will  be  equilibrium ;  but,  unlike  the  equilibrium  in  the  experi- 
ment in  §  75,  this  will  evidently  be  unstable,  for  a  slight  movement 
either  upwards  or  downwards  will  alter  the  resultant  force  so  as  to 
produce  further  movement  in  the  same  direction. 

77.  Belative  Positions  of  the  Centre  of  Gravity  and  Centre  of  Buoyancy. 
— In  order  that  a  floating  body,  wholly  or  partially  immersed  in  a 
liquid,  may  be  in  equilibrium,  it  is  evidently  necessary  that  its 
weight  be  equal  to  the  weight  of  the  liquid  displaced. 

This  condition,  which  is  absolutely  necessary,  is,  however,  not 
sufficient;  we  require,  in  addition,  that  the  action  of  the  upward 
pressure  should  be  exactly  opposite  to  that  of  the  weight;  that  is, 
that  the  centre  of  gravity  and  the  centre  of  buoyancy  be  in  the  same 
vertical  line ;  for  if  this  were  not  the  case,  the  two  contrary  forces 
would  compose  a  couple,  the  effect  of  which  would  evidently  be  to 
cause  the  body  to  turn. 

In  the  case  of  a  body  completely  immersed,  it  is  further  necessary 
for  stable  equilibrium  that  the  centre  of  gravity  should  be  below  the 
centre  of  buoyancy;  in  fact  we  see,  by  Fig.  69,  that  in  any  other 


Fig.  fl9.  Fig.  70. 

RelatiTe  PocitlonB  of  Centra  of  Qrarity  and  Centra  of  Pnasuro. 

position  than  that  of  equilibrium,  the  effect  of  the  two  forces  applied 
at  the  two  points  G  and  0  would  be  to  turn  the  body,  so  as  to  bring 
the  centre  of  gravity  lower.  But  this  is  not  the  case  when  the  body 
is  only  partially  immersed,  as  most  frequently  happens.  In  this  case 
it  may  indeed  happen  that,  with  stable  equilibrium,  the  centre  of 
gravity  is  below  the  centre  of  pressure ;  but  this  is  not  necessary, 
and  in  the  majority  of  instances  is  not  the  case.  Let  Fig.  70  represent 
the  lower  part  of  a  floating  body — a  boat,  for  instance.  The  centre 
of  pressure  is  at  0,  the  centre  of  gravity  at  G,  considerably  above; 
if  the  body  is  displaced,  and  takes  the  position  shown  in  the  figure, 
it  will  be  seen  that  the  effect  of  the  two  forces  acting  at  0  and  at  G 
is  to  restore  the  body  to  its  former  position.     This  difference  from 
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what  takes  place  when  the  body  is  completely  immersed,  depends 
upon  the  fact  that,  in  the  case  of  the  floating  body,  the  figure  of  the 
Liquid  displaced  changes  with  the  motions  of  the  body,  and  the 
centre  of  buoyancy  moves  towards  the  side  on  which  the  body  is 
more  deeply  immersed.  It  will  depend  upon  the  form  of  the  body 
whether  this  lateral  movement  of  the  centre  of  buoyancy  is  sufficient 
to  carry  it  beyond  the  vertical  through  the  centre  of  gravity.  The 
two  equal  forces  which  act  on  the  body  will  evidently  turn  it  to  or 
from  the  ori^nal  position  of  equilibrium,  according  as  the  new  centre 
of  buoyancy  lies  beyond  or  falls  short  of  this  vertical.^ 

78.  Advanta^  of  Lowering  the  Centre  of  Gravity. — ^ Although  stable 
equilibrium  may  subsist  with  the  centre  of  gravity  above  the  centre 
of  buoyancy,  yet  for  a  body  of  given  form  the  stability  is  always 
increased  by  lowering  the  centre  of  gravity ;  as  we  thus  lengthen 
the  arm  of  the  couple  which  tends  to  right  the  body  when  displaced. 
It  is  on  this  principle  that  the  use  of  ballast  depends. 

79.  Phenomeua  is  apparent  Contradiction  to  the  Principle  of  Arehi- 
medes. — A  body  cannot  float  in  a 
liquid  unless  it  hsrve  a  density  less 
than  that  of  the  liquid.  This  natu- 
ral consequence  of  the  principle  of 
Archimedes  seems  at  first  siglit  to 

be  contradicted  by  some  well- 
known  facts.  Thus,  for  instance, 
if  small  needles  are  placed  care- 
fully on  the  surface  of  water,  they 
will  remain  there  in  equilibrium 

Fig  n.-S(«l K«iH«  FlwtiDg on  ™,.       _,,        y.    .  ,      .,  . 

Wkur.  (l^'g-  '!)•     It  IS  on  a  similar  prin- 

ciple that  several  insects  walk  on 
water  (Fig.  72),  that  a  great  number  of  bodies  of  various  natures, 
provided  they  be  very  Tnimde,  can,  if  we  may  so  say,  be  placed  on 
the  surface  of  a  liquid  without  penetrating  into  its  interior.  These 
curious  facts  depend  on  the  circumstance  that  the  small  bodies  in 

'  If  a  vertical  througli  the  new  centre  of  buoyoncj  be  drawn  upwards  to  meet  that  line 
in  the  body  whicL  in  ths  position  of  equilibrium  vaa  a  vertical  through  the  centre  of 
gravity,  the  point  of  ipterieotion  ia  called  the  Tortaccntre,  Evidently  when  the  forces  tend 
to  restore  the  body  to  the  position  of  equilibrium,  the  metocenttE  is  above  the  centre  of 
gravity  ;  when  they  tend  to  increase  the  displacement,  it  ii  below.  Id  ships  the  distance 
between  these  two  points  is  usuaLy  nearly  the  same  for  all  amounts  of  beeUng,  and  this 
distance  is  a  measure  of  the  atabiUt;  of  the  ship. 

We  have  defined  the  melacentre  as  the  inlersectjon  of  two  lines.     When  these  lines  lie 
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questioa  are  not  wetted  by  the  liquid,  and  hence,  in  virtue  of  prin- 
ciples -which  will  he  explained  in  connection  with  capillarity  (Chap. 
xl),  depressions  are  formed  around 
them  on  the  liquid  surface,  as  re- 
presented in  Fig.  7a  The  curva- 
ture of  the  liquid  surface  in  the 
neighbourhood  of  the  body  is  very 

distinctly  shown  by  observing  the  Fig.  ra^m-ot  wjwng  ™  w^ 

shadow  cast  by  the  floating  body, 

when  it  is  illumined  by  the  sun ;  it  is  seen  to  be  bordered  by  lumi- 
nous bands,  which  are  owing  to  the  refraction  of  the  rays  of  light  in 
the  portion  of  the  liquid  bounded  by  a  curvilinear  surface. 

The  existence  of  the  depression  about  the  floating  body  enables  us 
to  bring  the  condition  of  equilibrium  in  this  special  case  under  the 
general  enunciation  of  the  principle  of  Archimedea  ^ 

Let  M  be  a  section  of  the  body,  CD  the  distance     '       Jijfti'     _ 
to  which  the  depression  extends,  and  AB  the  cor-      - _— -  —  ~~:Z-.- 
responding  portion  of  any  horizontal  layer ;  since        "  y'-"^- 

the  pressure  at  each  of  the  points  of  AB  must  be  _" 

the  same  ai  in  the  other  parts  of  the  layer,  the 
liquid  acts  in  exactly  the  same  way  as  if  M  did  not  exbt,  and  the 
cavity  were  filled  by  the  liquid  itself! 

We  may  thus  say  in  this  case  also  that  the  weight  of  the  floating 
body  is  equal  to  the  weight  of  the  liquid  displaced,  understanding 
by  these  words  the  liquid  which  would  occupy  the  whole  extent  of 
the  depression  due  to  the  presence  of  the  body. 

80.  Liquids  in  Saperpoeition. — When  liquids  of  diflerent  densities, 
which  do  not  readily  mix,  are  placed  in  the  same  vessel,  the  particles 
of  the  denser  liquids  unite  and  fall  to  the  bottom,  just  as  a  solid  body 
sinks  in  a  liquid  of  less  density ;  finally,  the  liquids  arrange  them- 
selves in  the  order  of  their  respective  densities,  the  surfaces  of  separa- 
tion being  horizontal  This  fact  is  verified  by  means  of  ^e  phial 
called  the  phial  of  the  four  elements.  It  is  a  flask  (Fig.  7+)  contain- 
ing mercury,  water,  and  oil  In  the  state  of  equilibrium  the  mercury 
is  at  the  bottom,  the  oil  at  the  top,  and  the  water  in  the  middle;  if  the 

in  different  ptuiea,  and  do  not  intenect  each  other,  there  is  no  metacentre.  This  indeed 
is  tbe  cue  for  most  of  the  displacements  to  which  a  Soating-  body  of  iireguUr  shape  can  be 
mbjected.  There  are  in  general  only  two  directions  of  heeling  to  which  metacentrce  cor- 
respond, and  tbese  two  directions  are  at  right  angles  to  each  other.  For  an  investigation 
of  the  oonditioni  of  stalnlity  in  floating  bodies,  see  Thomson  and  Tut'i  NaturiU  PhUoiophy, 

»7S»-re8. 
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flask  is  shaken,  the  liquids  are  for  the  moment  mixed,  but  in  return- 
ing to  repose  do  not  fail  to  resume  their  former  positiona 

It  is  easily  seen  &om  the  ordinary  rules 
of  hydrostatics,  that  the  surface  of  sepa- 
ration of  two  different  liquids  must  be 
boiizontal  Let  there  be  two  liquids  in 
a  vessel  (Fig.  75) ;  the  free  surface  is 
necessarily  horizoatal  If  now  we  take 
two  equal  superficial  elements  n  and  n' 
in  a  horizontal  layer  of  the  lower  liquid, 
they  must  be  subjected  to  equal  pressures; 
these  pressiu'es  are  measured  by  the 
weights  of  the  liquid  cylinders  nra  n'tl; 
and  these  latter  cannot  be  equal  unless 
there  be  the  same  height  of  the  lower 
Liquid  above  the  elements  n  a»d  n'.  This 
FbUofUxFuBrEigmaiu.  reasoning  holds for  all  pointsia  thehori- 

zontal  layer,  which  must  therefore  be  at 
a  constant  distance  firom  the  surface  of  separation ;  in  other  words, 
this  surface  must  be  horizontal. 

This  property  is  liable  to  considerable  modification  in  the  case  of 
liquids  which  can  dissolve  each  other  or 
act  chemically  upon  each  other.  Thus,  if 
alcohol  be  carefully  poured  upon  water  in 
a  glass,  the  two  liquids  will  be  seen  to  have 
for  their  surface  of  junction  a  horizontal 
plane;  but  on  agitation  a  single  liquid  will 
be  formed  by  their  mutual  action,  and  the 
separation  will  not  again  take  plac& 
If  the  agitation  is  not  sufficiently  great,  this  intimate  mixture  wiil 
only  partially  ensue,  and  will  be  confined  to  the  neighbourhood  of  the 
surfiuw  of  contact  Two  uniform  layers  of  liquid  will  thus  be  fcrmed, 
separated  by  an  intermediate  zone  of  unequal  density.  This  is  the 
case  at  the  mouth  of  a  river,  where  the  fi-esh  water  forms  on  the 
surface  of  the  sea  a  layer,  the  base  of  which  is  a  compound  of  fresh 
and  salt  water. 


CHAPTEK    X, 


APPLICATION  OF  THE  PRINCIPLE  OF  ARCHIMEDES  TO  THE 
DETERMINATION   OF  DENSITIES. — HYDROMETERS. 


81.  Determination  of  Densities. — We  have  seen  in  Chap.  viL  thai 
in  order  to  determine  the  density  of  a  body  it  is  only  necessary  to 
measure  the  ratio  existing  between  the  weight  of  a  certain  volume 
of  the  body  and  the  weight  of  an  equal  volume  of  water.  The 
principle  of  Archimedes  enables  us  to  effect  this  measurement  very 
easily,  and  the  process  which  it  suggests  is  sometimes  more  con- 
venient than  that  which  has  been  described  in  the  chapter  mentioned 
above. 

(1.)  Solid  bodies. — Suppose  that  the  object  whose  density  we  wish 
to  determine  is  a  piece  of  copi)er.  It  is  suspended  by  a  very  fine 
thread  to  one  of  the  scales  of  a  balance  (Fig.  76),  its  weight  is  deter- 
mined, and  found  to  be,  say  125 '358^'  The  body  is  then  immersed 
in  water;  the  equilibrium  is  destroyed  on  account  of  the  upward 
pressure  of  the  water,  and  in  order  to  re-establish  it,  we  must  add 
a  weight  of  14  •24^-  to  the  scale  supporting  the  body.  This  addi- 
tional weight,  according  to  the  principle  of  Archimedes,  represents 
the  weight  of  a  volume  of  water  equal  to  the  volume  of  the  body. 

The  density  of  copper  is  thus  ^rrTsr  =8"8. 

(2.)  Liquid  bodies. — From  one  of  the  scales  of  the  balance  is  sus- 
pended (Fig.  77)  any  body  whatever,  which  must,  however,  not  be 
capable  of  being  attacked  by  the  liquids  in  which  it  is  to  be  im- 
mersed ;  a  ball  of  glass  weighted  inside  with  mercury  is  very  well 
adapted  to  this  purpose.  The  exact  weight  of  this  is  obtained ;  it  is 
then  immersed  in  the  liquid  whose  density  is  sought — alcohol,  for 
example;  an  upward  pressure  is  thus  produced,  and  in  order  to  re- 
establish equilibrium,  a  weight  of  35*43^*  must  be  added  to  the  scala 
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The  experiment  is  repeated  by  immersing  the  ball  in  water,  in  which 
case  the  upward  pressure  is  stronger,  and  a  weight  of  44*28^*  is 


Fig.  76.— Speciflo  OntTity  of 
SoUds. 


Fig.  77.— Specific  GraTity  of 
LiquidBb 


necessary  to  re-establish   equilibrium.     The  weights  44  ^S^^-   and 
35'43c^-  are  the  weights  of  equal  volumes  of  water  and  alcohol;  the 

density  of  the  latter  liquid  is  therefore  ^J^— 0*8. 

82.  Hydrometers. — The  name  hydrometer  is  given  to  a  class  of 
instruments  used  for  determining  the  densities  of  liquids  by  observ- 
ing either  the  depths  to  which  they  sink  in  the  liquids  or  the 
weights  required  to  be  attached  to  them  to  make  them  sink  to  a 
given  depth.  According  as  they  are  to  be  used  in  the  latter  or  the 
former  of  these  two  ways,  they  are  called  hydrometers  of  constant 
or  of  variable  immersion.  The  name  areometer  (from  ipaioc,  rare)  is 
used  as  synonymous  with  hydrometer,  being  probably  borrowed 
from   the   French    name   of   these   instruments,   ar^omHre,     The 
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hydrometers  of  constaDt  immersion  most  generally  known  are  those 
of  Nicholson  and  Fahrenheit. 

83.  NlcholBon'a  Hydrometer. — This  instrument,  which  ia  repre- 
sented in  Fig.  78,  consists  of  a  hoUow  cylinder  of  metal  with  conical 
ends,  terminated  above  by  a  very  thin  rod  bearing  a  small  dish,  and 


canying  at  its  lower  end  a  kind  of  basket  This  latter  is  of  such 
weight  that  when  the  instrument  is  immersed  in  water  a  weight  of 
1000  grains  must  be  placed  in  the  dish  above  in  order  to  sink  the 
apparatus  as  far  as  a  certain  mark  on  the  rod.  By  the  principle  of 
Archimedes  the  weight  of  the  instrument,  together  with  the  1000 
grains  which  it  carries,  is  equal  to  the  weight  of  the  water  displaced. 
Now,  let  the  instrument  be  placed  in  another  Uquid,  and  the  weights 
in  the  dish  above  be  altered  until  they  are  just  sufficient  to  make 
the  instrument  sink  to  the  mark  on  the  rod.  If  the  weights  in  the 
dish  be  called  v>,  and  the  weight  of  the  instrument  itself  W,  the 
weight  of  liquid  displaced  is  now  W+w,  whereas  the  weight  of  the 
same  volume  of  water  was  TF+ 1000 ;  hence  the  specific  gravity  of 

the  liquid  IS  -Hq.  1000. 

Tbij  instrument  can  also  be  used  either  for  weighing  small  solid 
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bodiee  or  for  findiog  their  specific  gravities.  To  find  the  weight  of 
a  body  (which  we  shall  suppose  to  weigh  less  than  1000  grain^,  it 
must  be  placed  in  the  dish  at  the  top,  together  with  weights  just 
sufficient  to  make  the  instrument  sink  in  water  as  far  as  the  mark. 
Obviously  these  weights  are  the  difierence  between  the  weight  of 
the  body  and  1000  grains. 

To  find  the  specific  gravity  of  a  sdid,  we  first  ascertain  its  weight 
bythe  method  just  described;  we  then  transfer  it  from  the  dish  above 
to  the  basket  below,  so  that  it  shall  be  under  water  during  the  ob- 
servation, and  observe  what  additional  weights  must  now  be  placed 
in  the  dish.  These  additional  weights  represent  the  weight  of  the 
water  displaced  by  the  solid ;  and  the  weight  of  the  solid  itself  divided 
by  this  weight  is  the  specific  gravity  required. 


F%.  7B.— Fihnnlwlt'i  Hidnmatn. 


84.  Fahrenheit's  Hydrometer. — This  instrument,  which  is  repre- 
sented in  Fig.  79,  is  generally  constructed  of  glass,  and  difiere  &om 
Nicholson's  in  having  at  its  lower  extremity  a  ball  weighted  with 
mercury  instead  of  the  basket.  It  resembles  it  in  having  a  dish  at 
the  top,  in  which  weights  are  to  be  placed  sufficient  to  sink  the 
instrument  to  a  definite  mark  on  the  stem. 

85.  Hydroraetera  of  Variable  Immersion. — These  instruments  are  usn- 
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ally  of  the  forms  represented  at  A,  B,  C,  Fig.  80.  The  lower  end  is 
weighted  with  mercury  in  order  to  make  the  instrument  sink  to  a 
convenient  depth  and  preserve  an  upright  position.  The  stem  is 
cylindrical,  and  is  graduated,  the  divisions  being  frequently  marked 
upon  a  piece  of  paper  inclosed  within  the  stem,  which  must  in  this 
case  be  of  glass.  It  is  evident  that  the  instrument  will  sink  the 
deeper  the  less  is  the  specific  gravity  of  the  liquid,  since  the  weight 
of  the  liquid  displaced  must  be  equal  to  that  of  the  instrument 
Hence  if  any  uniform  system  of  graduation  be  adopted,  so  that  all 
the  instruments  give  the  same  readings  in  liquids  of  the  same  den- 
sities, the  density  of  a  liquid  can  be  obtained  by  a  mere  immersion 
of  the  hydrometer — an  operation  not  indeed  very  precise,  but  very 
easy  of  execution.  These  instruments  have  thus  come  into  general 
use  for  commercial  purposes 

86.  General  Theory  of  Hydrometers  of  Variable  Immersion. — Let  Y  be 
the  volume  of  a  hydrometer  which  is  immersed  when  the  instrument 
floats  freely  in  a  liquid  whose  density  (that  is,  weight  per  unit 
volume)  is  d,  then  Yd  represents  the  weight  of  liquid  displaced, 
which  by  the  principle  of  Archimedes  is  the  same  as  the  weight  of 
the  hydrometer  itself  If  V,  d'  be  the  corresponding  values  for 
another  liquid,  we  have  therefore 

VrfrrV'rf',  ord:d'::V':V, 

that  is,  the  density  varies  inversely  as  the  volume  immersed.  Let 
db  ^1  ds.-.be  a  series  of  densities  in  diminishing  order,  and  Vi,  Vj, 
Vs. .  .the  corresponding  volumes  immersed,  which  will  be  in  ascend- 
ing order;  then  we  have 

di,    dt,    df.,.  proportional  to  ==-    ^    -tT*" 
and  V|,  Vj,  V3...  proportional  to  -=-  —  -y-... 

Hence,  if  we  wish  the  divisions  to  indicate  equal  diflferences  of  den- 
sity, we  must  place  them  so  that  the  corresponding  volumes  im- 
mersed form  a  harmonical  progression.  This  implies  that  the  di- 
visions must  approach  nearer  together  for  increasing  densities.  This 
is  of  course  on  the  assumption  that  the  stem  is  of  equal  sectional  area 
in  all  parts  as  far  as  the  divisions  extend. 

The  following  investigation  shows  how  the  density  of  a  liquid 
may  be  computed  from  observations  made  with  a  hydrometer  gradu- 
ated with  equal  divisions.  It  is  necessary  first  to  know  the  divisions 
to  which  the  instrument  sinks  in  two  liquids  of  known  density.     Let 
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these  divisions  be  numbered  ni,  n^,  reckoning  from  the  top  down- 
wards, and  let  the  corresponding  densities  be  di,  d^.  Now  if  we 
take  for  our  unit  of  volume  one  of  the  equal  parts  on  the  stem, 
and  if  we  take  c  to  denote  the  volume  which  is  immersed  when  the 
instrument  sinks  to  the  division  marked  zero,  it  is  obvious  that  when 
the  instrument  sinks  to  the  nth  division  (reckoned  downwards  on 
the  stem  from  zero)  the  volume  immersed  is  c-n,  and  if  the  corre- 
sponding density  be  called  d,  then  (c-n)dia  the  weight  of  the  hydro- 
meter.    We  have  therefore 

{c-ni)di  =  {€-n^  (2a,  whence  c=-^-~-^' 

This  value  of  c  can  be  computed  once  for  alL 
Then  the  density  D  corresponding  to  any  other  division  N  can  be 
found  from  the  equation 

(c-N)  D  =  (c-ni)cfi  which  gives  D= — ^, 

if  di,  wliich  we  may  suppose  to  be  the  density  of  water,  be  called 
unity. 

87.  Beaum^'s  Hydrometers. — ^In  these  instruments  the  divisions 
^        are  equidistant.     There  are  two  distinct  modes  of  gradua- 
tion, according  as  the  instrument  is  to  be  used  for  deter- 
mining densities  greater  or  less  than  that  of  water.     In 
the  former  case  the  instrument  is  called  a  salimeter,  and 
is  so  constructed  that  when  immersed  in  pure  water  of  the 
temperature  12°  Cent,  it  sinks  nearly  to  the  top  of  the 
stem,  and  the  point  thus  determined  is  the  zero  of  the 
scale.     It  is  then  immersed  in  a  solution  of  15  parts  of 
salt  to  85  of  water,  the  density  of  which  is  about  11 16, 
and  the  point  to  which  it  sinks  is  marked  15.     The  inter- 
val is  divided  into  15  equal  parts,  and  the  graduation  is 
continued  to  the  bottom  of  the  stem,  the  length  of  which 
BeaumVs  Sail-  varics  according  to  circumstances ;   it  generally  terminates 
at  the  degree   66,  which  corresponds  to  sulphuric  acid, 
whose  density  is  commonly  the  greatest  that  it  is  required  to  deter- 
mine.    Eeferring  to  the  formulae  of  last  section,  we  have  here 

ni=o,  c2i  =  l,  na=15,  dg=1116; 

whence 
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When  the  instrument  is  intended  for  liquids  lighter  than  water,  it 

is  called  an  alcoholimeter.     In  this  case  the  point  to  which  it  sinks 

in  water  is  near  the  bottom  of  the  stem^  and  is  marked 

10;  the  zero  of  the  scale  is  the  point  to  which  it  sinks 

in  a  solution  of  10  parts  of  salt  to  90  of  water,  the 

density  of  which  is  about  1*085,  the  divisions  in  this 

case  being  numbered  upward  from  zero. 

In  order  to  adapt  the  formulae  of  last  section  to  the 
case  of  graduations  numbered  upwards,  it  is  merely 
necessary  to  reverse  the  signs  ofni,  rh,  and  N;  that 
is  we  must  put 

and  as  we  have  now  ni=lO,  di=l,  7i2=0,  ^2=1  "085 
the  formulae  give^ 

_  10  __-,g   ^_    128 
''"•OSS-^^'^'lIS  +  N- 

87  a.  Twaddell's  Hydrometer. — In  this  instrument  the  divisions  are 
placed  not  as  in  Beaum^'s,  at  equal  distances,  but  at  dis- 
tances corresponding  to  equal  differences  of  density.  In  fact 
the  specific  gravity  of  a  liquid  is  found  by  multiplying  the 
reading  by  5,  cutting  off  three  decimal  places,  and  pre- 
fixing unity.  Thus  the  degree  1  indicates  specific  gravity 
1-005,  2  indicates  1010,  &c. 

88.  &ay  Lnssac's  Centesimal  Alcoholimeter. — When  a  hydro- 
meter is  to  be  used  for  a  special  purpose  it  may  be  con- 
venient to  adopt  a  mode  of  graduation  different  in  principle 
from  any  that  we  have  described  above,  and  adapted  to 
give  a  direct  indication  of  the  proportion  in  which  two 
ingredients  are  mixed  in  the  fluid  to  be  examined.  It  may 
indicate,  for  example,  the  quantity  of  salt  in  sea- water,  or 
the  quantity  of  alcohol  in  a  spirit  consisting  of  alcohol  and 
water.  Where  there  are  three  or  more  ingredients  of  dif- 
ferent specific  gravities  the  method  fails.  Gay-Lussac's  alco- 
holimeter is  graduated  to  indicate,  at  the  temperature  of  15°  Cent., 
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^  On  comparing  the  two  formulsB  for  D  in  this  seotion  with  the  tables  in  the  Appendix 
to  Miller*8  Chemical  PkyHcSj  I  find  that  as  regards  the  salimeter  they  agree  to  two  places 
of  decimals  and  very  nearly  to  three.  As  regards  the  alcoholimeter,  the  table  in  Miller 
implies  that  c  is  about  136,  which  would  make  the  density  corresponding  to  the  zero  of 
the  scale  about  1*074. 
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the  percentage  of  pure  alcohol  in  a  specimen  of  spirit  At  the  top 
of  the  stem  is  100,  the  point  to  which  the  instrumeAt  sinks  in  pure 
alcohol,  and  at  the  bottom  is  0,  to  which  it  sinks  in  water.  The  posi- 
tion of  the  intermediate  degrees  must  be  determined  empirically,  by 
placing  the  instrument  in  ;nixtures  of  alcohol  and  water  in  known 
proportions,  at  the  temperature  of  15^  The  law  of  density,  as  de- 
pending on  the  proportion  of  alcohol  present,  is  complicated  by  the 
fact  that,  when  alcohol  is  mixed  with  water,  a  diminution  of  volume 
(accompanied  by  rise  of  temperature)  takes  place. 

88  a.  Specific  Gravity  of  Mixtures. — ^When  two  or  more  substances 
are  mixed  without  either  shrinkage  or  expansion  (that  is,  when 
the  volume  of  the  mixture  is  equal  to  the  sum  of  the  volumes  of  the 
components),  the  density  of  the  mixture  can  easily  be  expressed  in 
terms  of  the  quantities  and  densities  of  the  components. 

First,  let  the  volumes  Vi,  ^2,  Va  .  .  .  of  the  components  be  given, 
together  with  their  densities  di,  dz,  ds  >  .  . 
Then  their  masses  (or  weights)  are  Vidi,  v^,  v^dz  .  .  . 
The  mass  of  the  mixture  is  the  sum  of  these  masses,  and  its  volume 
is  the  sum  of  the  volumes  Vi,  V2,  Vs  *  ^  -  ;  hence  its  density  is 

Vidi  +  Vs(2|  +  .  .  , 
V1  +  V2  +  ,  .  . 

Secondly,  let  the  weights  or  masses  mi,  ma,  7/13  ...  of  the  compo- 
nents be  given,  together  with  their  densities  di,  d^,  dz  .  .  . 

Then  their  volumes  are  ^^  5>  ^  .  .  . 

The  volume  of  the  mixture  is  the  sum  of  these  volumes,  and  its  mass 
is  mi+wia+msH-  .  .  .  ;  hence  its  density  is 

ffii  +  mf^  •  •  • 


di      df 


88  b.  Graphical  Method  of  Gradnation. — When  the  points  on  the 
stem  which  correspond  to  some  five  or  six  known  densities,  nearly 
equiditferent,  have  been  determined,  the  intermediate  graduations 
can  be  inserted  with  tolerable  accuracy  by  the  graphical  method  of 
interpolation,  a  method  which  has  many  applications  in  physics 
besides  that  which  we  are  now  considering.  Suppose  A  and  B 
(Fig.  85)  to  represent  the  extreme  points,  and  I,  K,  L,  R  intermediate 
points,  all  of  which  correspond  to  known  densities.  Erect  ordinates 
(that  is  to  say,  perpendiculars)  at  these  points,  proportional  to  the 
respective  densities,  or  (which  will  serve  our  purpose  equally  well) 
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Fig.  85.— Grapbical  Hetlxod  of  Gndaation. 


erect  ordinates  IF,  KK',  LU,  RR',  BC  proportional  to  the  excesses  of 
the  densities  at  I,  K,  L,  R,  B  above  the  density  at  A.  Any  scale  of 
equal  parts  can  be  employed 
for  laying  olBF  the  ordinates, 
but  it  is  convenient  to  adopt 
a  scale  which  will  make  the 
greatest  ordinate  BC  not 
much  greater  nor  much  less 
than  the  base  line  AB.  In 
the  figure,  the  density  at  B  is 
supposed  to  be  1  80,  the^den- 
sity  at  A  being  1 .  The  diflFer- 
ence  of  density  is  therefore 
•80,  as  indicated  by  the  fig- 
ures 80  on  the  scale  of  equal 

parts.  Having  erected  the  ordinates,  we  must  draw  through  their 
extremities  the  curve  AI'K'L'R'C,  making  it  as  fi-ee  fi*om  sudden 
turns  as  possible,  as  it  is  upon  the  regularity  of  this  curve  that  the 
accuracy  of  the  interpolation  depends.  Then  to  find  the  point  on  the 
stem  AB  at  which  any  other  density  is  to  be  marked— say  1'60,  we 
must  draw  through  the  60th  division,  on  the  line  of  equal  parts,  a 
horizontal  line  to  meet  the  curve,  and,  through  the  point  thus  found 
on  the  curve,  draw  an  ordinate.  This  ordinate  will  meet  the  base 
line  AB  in  the  required  point,  which  is  accordingly  marked  1*6  in 
the  figure.  The  curve  also  affords  the  means  of  solving  the  converse 
problem,  that  is,  of  finding  the  density  corresponding  to  any  givei^ 
point  on  the  stem.  At  the  given  point  in  AB,  which  represents  the 
stem,  we  must  draw  an  ordinate,  and  through  the  point  where  this 
meets  the  curve  we  must  draw  a  horizontal  line  to  meet  the  scale  of 
equal  parts  The  point  thus  determined  on  the  scale  of  equal  parts 
indicates  the  density  required,  or  rather  the  excess  of  this  density 
above  the  density  of  A. 
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89.  Eqnilibriam  in  Vessels  is  Commanieation. — When  a  liquid  is 
contained  in  vessels  communicating  with  each  other,  and  is  in  equi- 
librium, it  stands  at  the  same  height  in  the  diilerent  parte  of  the 
system,  so  that  the  free  surfaces  all  lie  in  the  same  horizontal  plana 

This  is  an  immediate  consequence  of  the  fact  that  layers  of  equal 


Fig.  8».— Vaneli  In  CDmnHiniffltion. 

pressure  in  a  liquid  are  always  horizontal  (§  64) ;  for  if  we  take  any 
such  layer  at  the  bottom  of  the  system,  we  must  proceed  upwards 
through  the  same  vertical  height  in  all  parts  of  the  system  in  order 
to  reach  the  free  surface  wliich  corresponds  to  the  pressure.  Thus, 
in  the  system  represented  by  Fig.  89,  the  liquid  is  seen  to  stand  at 
the  same  height  in  the  principal  vessel  and  in  the  variously  shaped 
tubes  communicating  with  it.  If  one  of  these  tubes  is  cut  off  at  a 
height  less  than  that  of  the  liquid  in  the  principal  vessel,  and  if  it 
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be  made  to  terminate  in  a  narrow  mouth,  the  liquid  wiU  be  seen  to 
spout  up  nearly  to  the  level  of  that  in  the  principal  vessel 

This  tendency  of  liquids  to  find  their  own  level  is  very  important, 
and  of  continual  application.  Thus,  a  reservoir  of  water  may  have 
different  pipes  issuing  from  it  and  spreading  out  in  all  possible  direc- 
tions with  any  number  of  turns  and  windings ;  provided  that  the  ends 
of  these  pipes  lie  below  the  level  of  the  reservoir,  the  water  will  flow 
through  the  pipes  and  run  out  at  their  extremitiea  The  velocity  of 
exit,  however,  will  depend  on  the  form  and  arrangement  of  the  pipes, 
as  well  as  on  the  difference  of  level.  This  velocity  must  of  course 
be  taken  into  account  in  calculating  the  quantity  of  water  that  will 
flow  in  a  given  time;  and  in  forming  plans  for  the  proper  distribution 
of  public  supplies  of  water.  It  also  determines  the  height  to  which 
a  jet  of  water  can  be  discharged  from  an  opening  at  the  end  of  the 
pipe. 

90.  Water-leveL — The  well-known  instrument  called  the  water- 
level  depends  upon  the  property  just  mentioned.     It  consists  of  a 


Fig.  90.— Water-lOTd. 

metal  tube  66,  bent  at  right  angles  at  its  extremities.  These  carry 
two  glass  tubes  aay  very  narrow  at  the  top,  and  of  the  same  diameter. 
The  tube  rests  on  a  tripod  stand,  at  the  top  of  which  is  a  joint  that 
enables  the  observer  to  turn  the  apparatus  and  set  it  in  any  direction. 
The  tube  is  placed  in  a  position  nearly  horizontal,  and  water,  gener- 
ally coloured  a  little,  is  poured  in  until  it  stands  at  about  three- 
fourths  of  the  height  of  each  of  the  glass  tubes. 

By  the  principle  of  equilibrium  in  vessels  communicating  with 
each  other,  the  surfaces  of  the  liquid  in  the  two  branches  are  in  the 
same  horizontal  plane,  so  that  if  the  line  of  the  observer's  sight  just 
grazes  the  two  surfisujes,  it  will  be  horizontal 


\2i 


VESSELS  IM  COJOtumCATIOK. — CiPILLARITY. 


This  is  the  principle  of  the  operation  called  UvelLing,  the  object  of 
which  \a  to  determine  the  difference  of  vertical  height,  or  differejuse 
of  level,  between  two  g^ven  points.  Suppose  A  and  B  to  be  the  two 
points  (Fig.  91\    At  eacb  of  these  points  is  fixed  a  levelliog-stAff, 


that  ia,  an  upright  rod  divided  into  parts  of  equal  length,  on  which 
slides  a  small  square  board  whose  centre  serves  as  a  mark  for  the 
observer. 

The  level  being  placed  at  an  intermediate  station,  the  observer 
directs  the  line  of  sight  towards  each  levelling- staff,  and  the  mark 
is  raised  or  lowered  till  the  line  of  sight  passes  through  its  centre. 
The  marks  on  the  two  staves  are  in  this  way  brought  to  the  same 
level  The  staff  in  the  rear  is  then  carried  in  advance  of  the  other, 
the  level  is  again  placed  between  the  two,  and  another  observation 
taken.  In  this  way,  by  noting  the  division  of  the  staff  at  which 
the  sliding  mark  stands  in  each  case,  the  difference  of  levels  of  two 
distant  stations  can  be  deduced  from  observations  at  a  number  of 
intermediate  points 

91.  Spirit-leveL — These  observations  can  be  made  in  a  much  more 

exact  and  convenient  manner  by  means  of  the  spirit-level.      This 

instrument  is  composed  of  a 

glass  tube   slightly  curved, 

containing  a  liquid,  which  is 

generally  alcohol,  and  which 

fills  the  whole  extent  of  the 

Fig.  M.-8pwt-i«6L  *'"^«'  except  a  small  space 

occupied   by  an  air-bubble. 

This  tube  is  inclosed  in  a  mounting  which  is  firmly  supported  on 

a  stand. 

Suppose  the  tube  to  have  been  so  constructed  that  a  vertical 
section  of  its  upper  surface  is  an  arc  of  a  circle,  and  suppose  the 
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instrument  placed  upon  a  horizontal  plane  (Fig.  93).  The  air-bubble 
will  take  up  a  posibioo  MN  at  the  highest  part  of  the  tube,  such  that 
the  arcs  MA  aud  NB  are 
equal  Hence  it  follows  that 
if  the  level  be  reversed  end 
for  end,  the  bubble  will  oo- 
cnpy  the  same  position,  the 

point  N  coming  to  M,  and  vice  versa.  This  will  not  be  the  case 
if  A£  is  inclined  to  the  horizon  (Fig.  91),  for  then  the  distance  MA 
being  different  from  NB, 
after  the  apparatus  has 
been  turned,  the  bubble 
will  assume  a  symmetrical 
poration  at  the  opposite  end 
of  the  tube    The  condition, 

therefore,  that  the  line  on  which  the  spirit-level  rests  should  be 
horizontal  is,  that  after  this  operation  of  reversal  the  bubble  should 
remain  within  the  same  limits.  In  order  to  avoid  the  trouble  of 
turning  the  instrument,  the  maker  marks  these  limits  by  reference- 
marks  on  the  tube  or  its  mounting,  and  in  order  to  determine  that 
a  line  is  horizontal  it  is  only  necessary  to  make  sure  that,  when  the 
level  is  placed  upon  it,  the  bubble  lies  exactly  between  thesereference- 
marka 

In  order  that  a  plane  surface  may  be  horizontal,  we  must  have 
two  lines  in  it  horizontal     This  result  is  practically  attained  in  the 


Fig.  es.— Tating  Uii  HorlionUIitT  of  a  SuilUe. 

following  manner: — The  surface  is  made  to  rest  on  three  leveUing  - 
screws  which  form  the  three  vertices  of  an  isosceles  triangle ;  the 
level  is  Srst  placed  parallel  to  the  base  of  the  triangle,  and,  by  means 
of  one  of  the  screws,  the  bubble  is  brought  between  the  reference- 
marka  The  inab'ument  is  then  placed  perpendicularly  to  ite  first 
position,  and  the  bubble  is  brought  between  the  marks  by  means  of 
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the  third  ecrew ;  this  secoad  operation  cannot  disturb  the  result  of 
the  first,  since  the  plane  has  only  been  turned  about  a  horizontal  line 
as  hinge. 

92.  Level  faraiflhed  with  Telescope. — In  order  to  apply  the  spirit- 
level  to   land- surveying,   an   apparatus   such   as   that  represented 
^       in    the   figure   is   employed. 
Upon  a  frame  AA,  movable 
about  a  vertical  axis  B,  are 
placed  a  spirit-level  nn,  and 
a  telescope  LL,  in  positions 
parallel  to  each  other.     The 
telescope  is  furnished  at  its 
focus    with    two    fine    wires 
crossing  one  another,  whose 
point   of   intersection   deter- 
Fig.  «.-8pirit.i„»i-ithT.i«op..  =°i°«3  tlie  line  of  sight  with 

great  precision.  The  appara- 
tus, which  is  provided  With  levelling  screws  H,  rests  on  a  tripod 
stand,  and  the  observer  is  able,  by  turning  it  about  its  axis,  to  com- 
mand the  different  points  of  the  horizon.  By  a  process  of  adjust- 
ment which  need  not  here  be  described,  it  is  known  that  when  the 
bubble  is  between  the  marks  the  line  of  sight  is  horizontal;  bo  that 
we  may  proceed  to  find  the  difference  of  level  between  two  pointe  in 
the  same  way  as  with  the  water-level;  but  the  operation  is  much 
more  precise,  and  the  range  of  vision  much  more  extensive.  By 
furnishing  the  instrument  with  a  graduated  horizontal  circle  P,  we 
may  obtain  the  azimuths  of  the  points  observed,  and  thus  map  out 
contour  lines. 

On  each  side  of  the  reference-marks  of  the  bubble  are  divisions  for 
measuring  small  deviations  fix)m  horizontality.  It  is,  iu  fact,  easy 
to  see,  by  reference  to  Fig.  93,  that  by  tilting  the  level  through  any 
small  angle,  the  bubble  is  displaced  by  a  quantity  proportional  to 
this  angle,  at  least  when  the  curvature  of  tlie  instrument  is  that  of 
a  circle. 

For  determining  the  angular  value  corresponding  to  each  division 
of  the  tube,  it  is  usual  to  employ  an  apparatus  opening  like  a  pair 
of  compasses  by  a  hinge  C,  on  one  of  the  legs  of  which  rests,  by  two 
V-shaped  supports,  the  tube  T  of  the  level.  The  compass  is  opened 
by  means  of  a  micrometer  screw  V,  of  very  regular  action;  and  as 
the  distance  of  the  screw  from  the  hinge  is  known,  as  well  as  the 
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distance  between  the  threads  of  the  screw,  it  is  easy  to  calculate 
beforehand  the  value  of  the  divisions  on  the  micrometer  head.  The 
levelling  screws  of  the  instrument  serve  to  bring  the  bubble  between 


its  reference-marks,  so  that  the  micrometer  screw  is  only  used  to 
determine  the  value  of  the  divisions  on  the  tube. 

93.  Eqailibriiun  of  Two  Diflbrent  Liquids  in  Commnnieating  Veasels. 
— If  into  one  of  two  tubes  in  communication  we  pour  a  liquid,  say 
mercury,  this  liquid  will 

rise  to  the  same  height 
in  both  branches.  If  we 
now  pour  water  into  one 
of  them,  the  mercury  will 
be  pushed  back  in  the 
other  branch ;  and  when 
equilibrium  has  been  es- 
tablished, the  heights  of 
the  two  liquids  above 
tiu  suT/aee  of  separation 
will  be  very  unequal,  as 
shown  in  the  figure.  In 
general,  these  heights, 
since  they  correspond  to 
the  same  pressure  upon 
the  surface  of  separatitm, 
will  be  inversely  •propor- 
tional to  the  densiHea. 

94.  Capillarity^-General  Phenomena. — The  different  principles  of 
equilibrium  which  have  been  explained  in  the  preceding  para- 
graphs, are  subject  to  remarkable  exceptions  when  the  vessels  in 


Fig.  tS Eqailibrinin  of  Two  Fluidn  In  Com 


128 


VESSEIfl  IN  COMMUKICATION. — CAPILLAEITT. 


wbidi  Uie  liquids  are  contained  are  very  narrow,  or,  as  they  are 
called,  capillary  (capiUua,  a  hair) ;  and  also  in  the  case  of  vessels  of 
any  size,  when  we  consider  the  portion  of  the  hquid  which  is  in 
close  proximity  to  the  sides. 

1.  Free  Surface. — The  surface  of  a  liquid  is  not  horizontal  in  the 
neighbourhood  of  the  sides  of  the  vessel,  but  presents  a  very  decided 
curvature.  When  the  liquid  wets  the  vessel,  as  in  the  case  of  water 
in  a  glass  vessel  (Fig.  99),  the  surlace  is  concave;  on  the  contrary 
when  the  liquid  does  not  wet  the  vessel,  as  in  the  case  of  mercury  in 
a  glass  vessel  (Fig.  100),  the  surfaoe  is,  generally  speaking,  convene 

2.  Capillary  Elevation  and  Bepresaion. — If  a  very  narrow  tube 
of  glass  he  plunged  in  water,  or  any  other  liquid  that  will  wet  it 


HI 


(Fig.  101),  it  will  be  observed  that  the  level  of  the  liquid,  instead  of 

remaining  at  the  same  height  inside  and  putside  of  the  tube,  stands 

perceptibly  higher  in  the  tube;  n  capillary  ascension  takes  place, 

which  varies  in  amount  according  to  the 

nature  of  the  liquid  and  the  diameter  of 

the  tube.     It  will  also  he  seen  that  the 

liquid  column  thus  raised  terminates  in 

a  concave  surface.     If  a  glass  tube  be 

dipped  in  mercury,  which  does  not  wet 

it,  it  will  be  seen,  by  bringing  the  tube 

to  the  side  of  the  vessel,  that  the  mercury 

is  depressed   in  its  interior,  and  that  it 

terminates  in  a  convex  surface  (Fig.  102). 

3.  Capillary  VeaaeU  in  CoTiimunica- 

tion  with  Others. — If  we  take  two  bent 

tubes,  each  having  one  branch  of  a  considerable  diameter  and  the 

other  extremely  narrow,  and  pour  into  one  of  them  a  liquid  which 
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wets  it,  and  into  the  other  mercury,  the  liquid  will  be  observed  in 
the  former  case  to  stand  higher  in  the  capillary  than  in  the  prin- 
cipal branch,  and  in  the  latter  case  to  stand  lower ;  the  firee  surfaces 
being  at  the  same  time  concave  in  the  case  of  the  liquid  which 
wets  the  tubes,  and  convex  in  the  case  of  the  mercury. 

95.  Circumstances  which  influence  Capillary  Elevation  and  Depression. 
— In  wetted  tubes  the  elevation  depends  upon  the  nature  of  the  liquid; 
thus,  at  the  temperature  of  18°  Cent.,  water  rises  2979°*°*  (1*2  inch) 
in  a  tube  1  millimetre  (^V  inch)  in  diameter,  alcohol  rises  12*18°*'°, 
nitric  acid  22*57™™,  essence  of  lavender  4*28°*™,  &c.  The  nature  of 
the  tube  is  almost  entirely  immaterial,  provided  the  precaution  be  first 
taken  of  wetting  it  with  the  liquid  to  be  employed  in  the  experiment, 
so  as  to  leave  a  film  of  the  liquid  adhering  to  the  sides  of  the  tube. 

Capillary  depression,  on  the  other  hand,  depends  both  on  the 
nature  of  the  liquid  and  on  that  of  the  tube.  Both  ascension  and 
depression  diminish  as  the  temperature  increases;  for  example,  the 
elevation  of  water,  which  in  a  tube  of  a  certain  diameter  is  equal  to 
132™?.  at  0*^  Cent,  is  only  106™™  at  100°. 

96.  Law  of  Diameters. — Capillary  elevations  and  depressions, 
when  all  other  circumstances  are  the  same,  are  i/aversely  jpropor- 
tioTud  to  the  diameters  of  the  tubes.  As  this  law  is  a  consequence 
of  the  mathematical  theories  which  are  generally  accepted  as  ex- 
plaining capillary  phenomena,  its  verification  has  been  regarded  as 
of  great  importanca 

The  experiments  of  Gay-Lussac,  which  confirmed  this  law,  have 
been  repeated,  with  slight  modifications,  by  several  observers  The 
method  employed  consists  essentially  in  measuring  the  capillary 
elevation  of  a  liquid  by  means  of  a  cathetometer  (Fig.  104).  The 
telescope  U  is  directed  first  to  the  top  n  of  the  column  in  the  tube, 
and  then  to  the  end  of  a  pointer  6,  which  touches  the  surface  of  the 
liquid  at  a  point  where  it  is  horizontal  In  observing  the  depression 
of  mercury,  since  the  opacity  of  the  metal  prevents  us  from  seeing 
the  tube,  we  must  bring  the  tube  close  to  the  side  of  the  vessel  e. 

The  diameter  of  the  tube  can  be  measured  directly  by  observing 
its  section  through  a  microscope,  or  we  may  proceed  by  the  method 
employed  by  Gay-Lussaa  He  weighed  the  quantity  of  mercury 
which  filled  a  known  length  I  of  the  tube ;  this  weight  w  is  that  of 
a  cylinder  of  mercury  whose  radius  x  is  determined  by  the  equation 

18'59  7rX^l  =  w* 

*  Thai  fonnula  is  only  true  for  the  metrical  systenv  13 '5  9  being  the  specific  gravity  of 
merciuy.    If  x  and  /  are  in  centimetres,  w  will  be  in  grammes. 

9 
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The  result  of  these  different  experimeiits  is,  that  in  the  caae  of 
vetted  tubes  the  law  is  exactly  fulfilled,  provided  that  they  he  pre- 
viously washed  with  the  greatest  care,  bo  as  to  remove  all  foreign 
matters,  and  that  the  liquid  on  which  the  experiment  is  to  be  per- 


Fig.  ICH.-'VariflofttJoii  of  Lav  of  Diunntarv. 

formed  be  first  passed  through  them.  When  the  liquid  does  not  wet 
the  tube,  various  causes  combine  to  afiect  the  form  of  the  surikce  in 
which  the  liquid  column  terminates;  and  we  cannot  infer  the  depres- 
sion from  knowing  the  diameter,  unless  we  alao  take  into  considera- 
tion some  element  connected  with  the  form  of  the  terminal  surface, 
such  as  the  length  of  the  st^tta^  or  the  angle  made  with  the  mdes 
of  the  tube  by  the  extremities  of  the  curved  surface,  which  is  called 
the  angle  of  contact. 

97.  Cause  of  Capillary  Phenomena. — Capillary  phenomena,  as  they 
take  place  alike  in  air  and  in  vacuo,  cannot  be  attributed  to  the 
action  of  the  atmosphere.  They  depend  upon  molecular  actions 
which  take  place  between  the  particles  of  the  liquid  itself,  and  be- 
tween the  liquid  and  the  solid  containing  it,  the  actions  in  question 
being  purely  superficial — that  is  to  say,  being  confined  to  an  extremely 
thin  layer  forming  the  external  boundary  of  the  liquid,  and  to  an 
extremely  thin  superficial  layer  of  the  solid  in  contact  with  the 
liquid.  For  example,  it  is  found  in  tlie  case  of  glass  tubes,  that  the 
amount  of  capillary  elevation  or  depression  is  not  at  all  affected  by 
the  thickness  of  the  sides  of  the  tube.  The  following  are  some  of 
the  principles  which  govern  capillary  phenomena. 
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1.  For  a  given  liquid  in  contact  with  a  given  solid,  with  a  definite 
intimateness  of  contact  (this  last  element  being  dependent  upon  the 
cleanness  of  the  surface,  upon  whether  the  surface  of  the  solid  has 

^been  recently  washed  by  the  liquid,  and  perhaps  upon  some  other 
particulars),  there  is  (at  any  specified  temperature)  a  definite  angle 
of  contact,  which  is  independent  of  the  directions  of  the  surfaces 
with  regard  to  the  vertical 

2.  Every  liquid  behaves  as  if  a  thin  film,  forming  its  external 
layer,  were  in  a  state  of  tension,  and  exerting  a  constant  effort  to 
contract.  This  tension,  or  contractile  force,  is  exhibited  over  the 
whole  of  the  free  surface  (that  is,  the  sur&ce  which  is  exposed  to  air), 
but  wherever  the  liquid  is  in  contact  with  a  solid,  its  existence  is 
masked  by  other  molecular  actiona  It  is  uniform  in  all  directions 
in  the  free  surface,  and  at  all  points  in  this  surface,  being  dependent 
only  on  the  nature  and  temperature  of  the  liquid.  Its  intensity  for 
several  specified  liquids  is  given  in  tabular  form  further  on  (§  97f) 
upon  the  authority  of  Van  der  Mensbrugghe.  Tension  of  this  kind 
must  of  course  be  stated  in  units  of  force  per  linear  unit,  because  by 
doubling  the  width  of  a  band  we  double  the  force  required  to  keep 
it  stretched.  Mensbrugghe  considers  that  such  tension  reaUy  exists 
in  the  superficial  layer;  but  the  majority  of  authors  (and  we  think 
with  more  justice)  regard  it  rather  as  a  convenient  fiction,'  which 
accurately  represents  the  effects  of  the  real  cause.  Two  of  the  most 
eminent  writers  on  the  cause  of  capillary  phenomena  are  Laplace 
and  Dr.  Thomas  Young.  The  subject  presents  difiiculties  which 
have  not  yet  been  fully  surmounted. 

The  law  of  diameters  is  a  direct  consequence  of  the  two  preceding 
principles;  for  if  o  denote  the  external  angle  of  contact  (which  is 
acute  in  the  case  of  mercury  against  glass),  T  the  tension  per  unit 
length,  and  r  the  radius  of  the  tube,  then  2vrT  will  be  the  whole 
amount  of  force  exerted  at  the  margin  of  the  surface ;  and  as  this 
force  is  exerted  in  a  direction  making  an  angle  a  with  the  vertical, 
its  vertical  component  will  be  2irrTco8o,  which  is  exerted  in  pulling 
the  tube  upwards  and  the  liquid  downwards. 

If  -m;  be  the  weight  of  unit  volume  of  the  liquid,  then  irr^w  is 
the  weight  of  as  much  as  would  occupy  unit  length  of  the  tube;  and 
if  h  denote  the  height  of  a  column  whose  weight  is  equal  to  the 
force  tending  to  depress  the  liquid,  we  have 

rr*hw  =  2rrToo8a; 
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whence  h  = ,  which,  when  the  other  elements  are  riven, 

varies  inversely  as  r,  the  radius  of  the  tube. 

Having  regard  to  the  fact  that  the  surface  is  not  of  the  same 
height  in  the  centre  as  at  the  edges,  it  is  obvious  that  h  denotes  the 
mean  height. 

If  a  be  obtuse,  h  will  be  negative — ^that  is  to  say,  there  will  be 
elevation  instead  of  depression.  In  the  case  of  water  against  a  tube 
which  has  been  well  wetted  with  that  liquid,  o  is  180° — ^that  is  to 
say,  the  tube  is  tangential  to  the  surface.  For  this  case  the  formula 
for  h  gives 

2T 
elevation  =  — . 
rw 

Again,  for  two  parallel  vertical  plates  at  distance  u,  the  vertical  force 
of  capillarity  for  a  unit  of  length  is  2Tcoso,  which  must  be  equal  to 
whUy  being  the  weight  of  a  sheet  of  liquid  of  height  A,  thickness  u, 
and  length  unity.     We  have  therefore 

2TcoBa 


uw     ' 


which  agrees  with  the  expression  for  the  depression  or  elevation  in 
a  circular  tube  whose  radius  is  equal  to  the  distance  between  these 
parallel  plates. 

The  surface  tension  always  tends  to  reduce  the  surface  to  the 
smallest  area  which  can  be  inclosed  by  its  actual  boundary;  and 
therefore  always  produces  a  normal  force  directed  towards  the  con- 
cave side  of  the  superficial  film.  Hence,  wherever  there  is  capillary 
elevation  the  free  surface  must  be  concave;  wherever  there  is  depres- 
sion it  must  be  convex. 

97  a.  It  follows  from  a  well-known  proposition  in  statics  (Tod- 
hunter's  Statics,  §  194),  that  if  a  (yylindrical  film  be  stretched  with  a 
uniform  tension  T  (so  that  the  force  tending  to  pull  the  film  asunder 
across  any  short  line  drawn  on  the  film,  is  T  times  the  length  of  the 
line),  the  resultant  normal  pressure  (which  the  film  exerts^  for  ex- 
ample, against  the  surface  of  a  solid  internal  cylinder  over  which  it 
is  stretched)  is  T  divided  by  the  radius  of  the  cylinder. 

It  can  be  proved  that  a  film  of  any  form,  stretched  with  uniform 
tension  T,  exerts  at  each  point  a  normal  pressure  equal  to  the  sum 
of  the  pressures  which  would  be  exerted  by  two  overlapping  cylin- 
drical films,  whose  axes  are  at  right  angles  to  one  another,  and 
whose  cross  sections  are  circles  of  curvature  of  normal  sections  at  the 
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point.  That  is  to  say,  if  P  be  the  normal  force  per  unit  area,  and 
r/  the  radii  of  curvature  in  two  mutually  perpendicular  normal 
sections  at  the  point,  then 

P.T(i.i). 

At  any  point  on  a  curved  surface,  the  normal  sections  of  greatest  and 
least  curvature  are  mutually  perpendicular,  and  are  called  the  prin- 
cipal normal  sections  at  the  point.  If  the  corresponding  radii  of 
curvature  be  R,  Bf,  we  have 

or  the  Twrmal  force  'per  unit  area  is  equal  to  the  tension  per  unit 
length  multiplied  by  the  aura  of  the  principal  curvatures. 

In  the  case  of  capillary  depressions  and  elevations,  the  superficial 
film  at  the  free  surface  is  to  be  regarded  as  pressing  the  liquid  in- 
wards, or  pulling  it  outwai'ds,  according  as  this  surface  is  convex  or 
concave,  with  a  force  P  given  by  the  above  formula.  The  value  of 
P  at  any  point  of  the  free  surface  is  equal  to  the  pressure  due  to  the 
height  of  a  column  of  liquid  extending  from  that  point  to  the  level 
of  the  general  horizontal  surface.  It  is  therefore  greatest  at  the 
edges  of  the  elevated  or  depressed  column  in  a  tube,  and  least  in  the 

1         1 
centre ;  and  the  curvature,  as  measured  by  -  H ^,  must  vary  in 

R       II 
the  same  proportion.     If  the  tube  is  so  large  that  there  is  no  sensible 
elevation  or  depression  in  the  centre  of  the  column,  the  centre  of  the 
free  surface  must  be  sensibly  plane. 

97b.  Another  consequence  of  the  formula  is,  that  in  circumstances 
where  there  can  be  no  normal  pressure  towards  either  side  of  the 
surfisu^e, 

i  +  i  =  0;  (2) 

which  implies  that  either  the  surface  is  plane,  in  which  case  each  of 
the  two  terms  is  separately  equal  to  zero,  or  else 

B  =  -  B';  (3) 

that  is,  the  principal  radii  of  curvature  are  equal,  and  lie  on  opposite 
sides  of  the  surface.  The  formlite  (2),  (3)  apply  to  a  film  of  soapy 
water  attached  to  a  loop  of  wire.  If  the  loop  be  in  one  plane,  the 
film  will  be  in  the  same  plane.  If  the  loop  be  not  in  one  plane,  the 
film  cannot  be  in  one  plane,  and  will  in  fact  assume  that  form  which 
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gives  the  least  area  consistent  with  having  the  loop  for  its  boundary. 
At  every  point  it  will  be  observed  to  be,  if  we  may  so  say,  concave 
towards  both  sides,  and  convex  towards  both  sides,  the  concavity 
being  precisely  equal  to  the  convexity — that  is  to  say,  equation  (3) 
is  satisfied  at  every  point  of  the  film. 

In  this  case  both  sides  of  the  film  are  exposed  to  atmospheric 
pressure.  In  the  case  of  a  common  soap-bubble  the  outside  is  ex- 
posed to  atmospheric  pressure,  and  the  inside  to  a  pressure  some- 
what greater,  the  difference  of  the  pressures  being  compensated  by 
the  tendency  of  the  film  to  contract.  Formula  (1)  becomes  for 
either  the  outer  or  inner  surface  of  a  spherical  bubble 

2T 

but  this  result  must  be  doubled,  because  there  are  two  free  surfisices; 
hence  the  excess  of  pressure  of  the  inclosed  above  the  external  air  is 

4T 

— ,  R  denoting  the  radius  of  the  bubble. 

R 

The  value  of  T  for  soapy  water  is  about  ]  grain  per  linear  inch ; 
hence,  if  we  divide  4  by  the  radius  of  the  bubble  expressed  in  inches, 
we  shall  obtain  the  excess  of  internal  over  external  pressure  in  graina 
per  square  inch. 

The  value  of  T  for  any  liquid  may  be  obtained  by  observing  the 
amount  of  elevation  or  depression  in  a  tube  of  given  diameter,  and 
employing  the  formula 

T  =  ^,  U) 

2  COS  a' 

which  follows  immediately  from  the  formula  for  A  in  §  97. 

97  c,  It  is  this  uniform  surface  tension,  of  which  we  have  been 
speaking,  which  causes  a  drop  of  a  liquid  falling  through  the  air 
either  to  assume  the  spherical  form,  or  to  oscillate  about  the  spheri- 
cal form.  The  phenomena  of  drops  can  be  imitated  on  an  enlarged 
scale,  under  circumstances  which  permit  us  to  observe  the  actual 
motions,  by  a  method  devised  by  Professor  Plateau  of  Gehova.  Olive- 
oU  is  intermediate  in  density  between  water  and  alcohol  Let  a 
mixture  of  alcohol  and  water  be  prepared,  having  precisely  the 
density  of  olive-oil,  and  let  about  a  cubic  inch  of  the  latter  be  gently 
introduced  into  it  with  the  aid  of  a  funnel  or  pipette.  It  will  as- 
sume a  spherical  form,  and  if  forced  out  of  this  form  and  then  left 
free,  will  slowly  oscillate  about  it ;  for  example,  if  it  has  been  com- 
pelled to  assume  the  form  of  a  prolate  spheroid,  it  will  pass  to  the 
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oblate  form,  will  then  become  prolate  again,  and  so  on  alternately,  be- 
coming however  more  nearly  spherical  every  time,  because  its  move- 
ments are  hindered  by  friction,  until  at  last  it  comes  to  rest  as  a  sphere. 

97  D.  Capillarity  furnishes  no  exception  to  the  principle  that  the 
pressure  in  a  liquid  is  the  same  at  all  points  at  the  same  depth. 
When  the  free  surface  within  a  tube  is  convex,  and  is  consequently 
depressed  below  the  general  level  of  the  external  surface,  the  pres- 
sure becomes  suddenly  greater  on  passing  downwards  through  the 
superficial  layer,  by  the  amount  due  to  the  curvature.  Below  this 
it  increases  regularly  by  the  amount  due  to  the  depth  of  liquid 
passed  thi'ough.  The  pressure  at  any  point  vertically  under  the  con- 
vex meniscus^  may  be  computed,  either  by  taking  the  depth  of  the 
point  below  the  general  free  surface,  and  adding  atmospheric  pressure 
to  the  pressure  due  to  this  depth,  according  to  the  ordinary  prin- 
ciples of  hydrostatics,  or  by  taking  the  depth  of  the  point  below 
that  point  of  tbe  meniscus  which  is  vertically  over  it,  adding  the 
pressure  due  to  the  curvature  at  this  point,  and  also  adding  atmo- 
spheric pressure. 

When  the  free  surface  of  the  liquid  within  a  tube  is  concave, 
the  pressure  suddenly  diminishes  on  passing  downwards  through 
the  superficial  layer,  by  the  amount  due  to  the  curvature  as  given 
by  formula  (1) ;  that  is  to  say,  the  pressure  at  a  very  small  depth 
is  less  than  atmospheric  pressure  by  this  amount.  Below  this 
depth  it  goes  on  increasing  according  to  the  usual  law,  and  becomes 
equal  to  atmospheric  pressure  at  that  depth  which  corresponds  with 
the  level  of  the  general  external  surface.  The  pressure  at  any  point 
in  the  liquid  within  the  tube  can  therefore  be  obtained  either  by 
subtracting  from  atmospheric  pressure  the  pressure  due  to  the 
elevation  of  the  point  above  the  general  surface,  or  by  adding  to 
atmospheric  pressure  the  pressure  due  to  the  depth  below  that  point 
of  the  meniscus  which  is  on  the  same  vertical,  and  subtracting  the 
pressure  due  to  the  curvature  at  this  point. 

These  rules  imply,  as  has  been  already  remarked,  that  the  curva- 
ture is  different  at  different  points  of  the  meniscus,  being  greatest 
where  the  elevation  or  depression  is  greatest,  namely  at  the  edges 
of  the  meniscus;  and  least  at  the  point  of  least  elevation  or  depression, 
which  in  a  cylindrical  tube  is  the  middle  point. 

^  Hie  convex  or  concave  surface  of  the  liquid  in  a  tube  is  usually  denoted  by  the  name 
itienuettt  (ju^pUrKot,  a  crescent))  which  denotes  a  form  approximately  resembling  that  of  a 
watch-glaflB. 
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The  principles  just  stated  apply  to  all  cases  of  capillary  eleyation 
and  depression. 

They  enable  us  to  calculate  the  force  with  which  ^iwo  parallel  ver- 
tical plates,  partially  immersed  in  a  liquid  which  Wets  them,  are 
urged  tewards  each  other  by  capillary  action.  The  portion  of  liquid 
elevated  between  them  is  at  less  than  atmospheric  pressure,  and 
therefore  is  insufficient  te  resist  the  atmospheric  pressure  which  is 
exerted  on  the  outer  faces  of  the  plates.  The  average  pressure  in 
the  elevated  portion  of  liquid  is  that  which  exists  half-way  up  it, 
and  is  less  than  atmospheric  pressure  by  the  pressure  of  a  column  of 
liquid  whose  height  is  half  the  elevation. 

Even  if  the  liquid  be  one  which  does  not  wet  the  plates,  they  will 
still  be  urged  towards  each  other  by  capillary  action ;  for  the  inner 
faces  of  the  plates  are  exposed  to  merely  atmospheric  pressure  over 
that  portion  of  their  areas  which  corresponds  te  the  depression,  while 
the  corresponding  portions  of  the  external  faces  are  exposed  to 
atmospheric  pressure  increased  by  the  weight  of  a  portion  of  the 
liquid. 

These  principles  explain  the  apparent  attraction  exhibited  by 
bodies  boating  on  a  liquid  which  either  wets  them  both  or  wete 
neither  of  them.  When  the  two  bodies  are  near  each  other  they 
behave  somewhat  like  parallel  plates,  the  elevation  or  depression  of 
the  liquid  between  them  being  greater  than  on  their  remote  sides. 

If  two  floating  bodies,  one  of  which  is  wetted  and  the  other  un- 
wetted  by  the  liquid,  come  near  tegether,  the  elevation  and  depression 
of  the  liquid  will  be  less  on  the  near  than  on  the  remote  sides,  and 
apparent  repulsion  will  be  exhibited. 

In  all  cases  of  capillary  elevation  or  depression,  the  solid  is  pulled 
downwards  or  upwards  with  a  force  equal  te  that  by  which  the 
liquid  is  raised  or  depressed.  In  applying  the  principle  of  Archi- 
medes te  a  solid  partially  immersed  in  a  liquid,  it  is  therefore  neces- 
sary (as  we  have  seen  in  §  79),  when  the  solid  produces  capillaiy 
depression,  te  reckon  the  void  space  thus  created  as  part  of  the  dis- 
pla<;ement;  and  when  the  solid  produces  capillary  elevation,  the  fluid 
raised  above  the  general  level  must  be  reckoned  as  negative  displace- 
ment, tending  te  increase  the  apparent  weight  of  the  solid. 

97e.  Thus  far  all  the  effects  of  capillary  action  which  we  have 
mentioned  are  connected  with  the  curvature  of  the  superficial  film, 
and  depend  upon  the  principle  that  a  convex  surface  increases  and  a 
concave  surface  diminishes  the  pressure  in  the  interior  of  the  liquid. 
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But  there  is  good  reason  for  maintaining  that  whatever  be  the  form 
of  the  free  surface  there  is  always  a  certain  amount  of  pressure  in 
the  interior  due  to  the  molecular  action  at  this  surface,  and  that  the 
pressure  due  to  the  curvature  of  the  surface  is  to  be  added  to  or 
subtracted  from  a  definite  amount  of  pressure  which  is  independent 
of  the  curvature  and  depends  only  on  the  nature  and  condition  of 
the  liquid.  This  indeed  follows  at  once  from  the  fact  that  capillary 
elevation  can  take  place  in  vacuo.  As  far  as  the  principles  of  the 
preceding  paragraphs  are  concerned,  we  should  have,  at  points  within 
the  elevated  column,  a  pressure  less  than  that  existing  in  the 
vacnum/  This,  however,  cannot  be ;  we  cannot  conceive  of  negative 
pressure  existing  in  the  interior  of  a  liquid,  and  we  are  driven  to 
conclude  that  the  elevation  is  owing  to  the  excess  of  the  pressure 
caused  by  the  plane  surface  in  the  containing  vessel  above  the  pres- 
sure caused  by  the  concave  surface  in  the  capillary  tubeX 

There  are  some  other  facts  which  seem  only  explicable  on  the  same 
general  principle  of  interior  pressure  due  to  surface  action, — facts 
which  attracted  the  notice  of  some  of  the  earliest  writers  on 
pneumatics,  namely,  that  siphons  will  work  in  vacuo,  and  that  a 
column  of  mercury  at  least  75  inches  in  length  can  be  sustained — as 
if  by  atmospheric  pressure — ^in  a  barometer  tube,  the  mercury  being 
boiled  and  completely  filling  the  tube. 

97p.  We  have  now  to  notice  certain  phenomena  which  depend  on 
the  difierence  in  the  surface  tensions  of  different  liquids,  or  of  the 
same  liquid  in  different  states. 

Let  a  thin  layer  of  oil  be  spread  over  the  upper  surface  of  a  thin 
sheet  of  brass,  and  let  a  lamp  be  placed  underneath.  The  oil  will  be 
observed  to  run  away  from  the  spot  directly  over  the  flame,  even 
though  this  spot  be  somewhat  lower  than  the  rest  of  the  sheet. 
This  effect  is  attributable  to  the  excess  of  surface  tension  in  the  cold 
oil  above  the  hot 

In  like  tmanner,  if  a  drop  of  alcohol  be  introduced  into  a  thin 
layer  of  water  spread  over  a  nearly  horizontal  surface,  it  will  be 
drawn  away  in  all  directions  by  the  surrounding  water,  leaving  a 
nearly  dry  spot  in  the  space  which  it  occupied.  In  this  experiment 
the  water  should  be  coloured  in  order  to  distinguish  it  from  the 
alcohol. 

Again,  let  a  very  small  fragment  of  camphor  be  placed  on  the  sur- 
face of  hot  water.  It  will  be  observed  to  rush  to  and  fro  with 
frequent  rotations  on  its  own  axis,  sometimes  in  one  direction  and 


Dittilled  water  at  20°  Cent. 
Sulphuric  ether,  .  .  .  . 
Absolute  alcwhol,  .  .  .  . 
OlivB-oil, 
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Bometimes  in  the  opposite.  These  effects,  which  have  been  a  frequent 
subject  of  discussioD,  are  now  known  to  be  due  to  the  diminution  of 
the  surface  tension  of  the  water  by  the  camphor  which  it  takes  up. 
Superficial  currents  are  thus  created,  radiating  from  the  fragment  of 
camphor  in  all  directions ;  and  as  the  camphor  dissolves  more  quickly 
in  some  parts  than  in  others,  the  currents  which  are  formed  are  not 
equal  in  all  directions,  and  those  which  are  most  powerful  prevail 
over  the  others  and  ^ve  motion  to  the  fra^ent. 

The  values  of  T,  the  apparent  surface  tension,  for  several  liquids, 
are  given  in  the  following  table,  on  the  authority  of  Van  der  Mens- 
brugghe,  in  milligrammes  (or  thousandth  parts  of  a  gramme)  per  roilli- 
met^  of  length.  They  can  be  reduced  to  grains  per  inch  of  length 
by  multiplying  them  by  '392 ;  for  example,  the  surface  tension  of 
distilled  water  is  73  x  392  =  286  grains  per  inch. 

Solution  of  Maneillea  soap,  1  part  of 

M^t  to  40  of  water, £83 

Solution  of  uponine, 4'67 

Saturated  eolution  of  carbonate  of 

soda,  .    ,    .    ■ i-aa 

Biiulphide  of  carbon, 8'G7      Water  impr^nated  with  camphor,  .     4'6 

98.  EsdosmOBe. — Capillary  phenomena  have 
undoubtedly  some  connection  with  a  very 
impoitant  property  discovered  by  Dutrochet, 
and  called  by  him  endosmcee. 

The  endoemometer  invented  by  him  to 
illusti-ate  this  phenomenon  consists  of  a  reser- 
voir V  closed  below  by  a  membrane  ba,  and 
terminating  above  in  a  tube  of  considerable 
length.  This  reservoir  is  filled,  suppose,  with 
a  solution  of  gum  in  water,  and  is  kept  im- 
mersed in  water.  At  the  end  of  some  time 
the  level  of  the  liquid  in  the  tube  will  be 
observed  to  have  risen  to  n,  suppose,  and  at 
the  same  time  traces  of  gum  will  be  found  in 
the  water  in  which  the  reservoir  is  immersed. 
Hence  we  conclude  that  the  two  liquids  have 
penetrated  through  the  membrane,  but  in  dif- 
ferent proportions;  and  tliis  is  what  is  called 
endosmose. 
Fi,  i06.-E=d»m™.t«.  jf  jjjgjg^  ^f  ^  solution  of  gum  we  em- 

ployed  water  containing  albumen,  sugar,  or  gelatine  in  solution,  a 


,  ENDOSMOSK  139 

Bimilar  result  would  ensue.  The  membrane  may  be  replaced  by  a 
slab  of  wood  or  of  porous  clay.  Physiologists  have  justly  attached 
very  great  importance  to  this  discovery  of  Dutrochet.  It  explains, 
in  fact,  the  interchange  of  liquids  which  is  continually  taking  place 
in  the  tissues  and  vessels  of  the  animal  system,  as  well  as  the 
absorption  of  water  by  the  spongioles  of  roots,  and  several  similar 
phenomena. 

As  regards  the  power  of  passing  through  porous  diaphragms, 
Graham  has  divided  substances  into  two  classes — crystalloids  and 
colloids  (ic($XXi7,  glue).  The  former  are  susceptible  of  crystallization, 
form  solutions  free  from  viscosity,  are  sapid,  and  possess  great  powers 
of  diffusion  through  porous  septa.  The  latter,  including  gum,  starch, 
albumen,  &;a,  are  characterized  by  a  remarkable  sluggishness  and 
indisposition  both  to  diffusion  and  to  crystallization,  and  when  pure 
are  nearly  tastelesa 
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99.  Weight  of  the  Air  and  of  Oases. — Gaseous  bodies  possess  a  num- 
ber of  properties  in  common  with  liquids;  like  them,  they  transmit 
pressures  entire  and  in  all  directions,  according  to  the  principle  of 
Pascal ;  but  they  differ  essentially  from  liquids  in  the  permanent 
repulsive  force  exerted  between  their  molecules^  in  virtue  of  which 
a  mass  of  gas  always  tends  to  expand. 

The  opinion  was  long  held  that  the  air  was  without  weight ;  or, 
to  speak  more  precisely,  it  never  occurred  to  any  of  the  philosophers 
who  preceded  Galileo  to  attribute  any  influence  in  natural  phe- 
nomena to  the  weight  of  the  air.  And  as  this  influence  is  really  of 
the  first  importance,  and  comes  into  play  in  many  of  the  commonest 
phenomena,  it  very  naturally  happened  that  the  discovery  of  the 
weight  of  air  formed  the  commencement  of  the  modern  revival  of 
physical  science. 

It  appears,  however,  that  Aristotle  conceived  the  idea  of  the 
possibility  of  air  having  weight,  and,  in  order  to  convince  himself  on 
this  point,  he  weighed  a  skin  inflated  and  collapsed.  As  he  obtained 
the  same  weight  in  both  cases,  he  relinquished  the  idea  which  he  had 
for  the  moment  entertained.  In  fact,  the  experiment,  as  he  per- 
formed it,  could  only  give  a  negative  result ;  for  if  the  weight  of  the 
skin  was  increased,  on  the  one  hand,  by  the  introduction  of  a  fresh 
quantity  of  air,  it  was  diminished,  on  the  other,  by  the  corresponding 
inprease  in  the  upward  pressure  of  the  air  displaced-  In  order  to 
draw  a  certain  conclusion,  the  experiment  should  be  performed  with 
a  vessel  which  could  receive  within  it  air  of  different  degrees  of 
density,  without  changing  its  own  volume. 

Galileo  is  said  to  have  devised  the  experiment  of  weighing  a 
globe  filled  alternately  with  ordinary  air  and  with  compressed  air. 
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As  the  weight  is  greater  in  the  latter  case,  Galileo  should  have  drawn 
the  inference  that  air  is  heavy.  It  does  not  appear,  however,  that 
the  importance  of  this  conclusion  made  much  impression  on  him,  for 
he  did  not  give  it  any  of  those  developments  which  might  have  been 
expected  to  present  themselves  to  a  mind  like  his. 

100.  Sxperiment  of  Otto  Ouerioke. — Otto  Guericke,  the  illustrious 
inventor  of  the  air-pump,  in  1650  performed  the  following  experi- 
ment, which  is  decisive: — 

A  globe  of  glass,  furnished  with  a  stop-cock,  and  of  a  sufficient 
capacity  (about  twelve  litres),  is  exhausted  of  air.  It  is  then  sus- 
pended from  one  of  the  scales  of  a 
balance,  and  a  weight  sufficient  to 
produce  equilibrium  is  placed  in  the 
other  scala  The  stop-cock  is  then 
opened,  the  air  rushes  into  the 
globe,  and  the  beam  is  observed 
gradually  to  incline,  so  that  an  addi- 
tional weight  is  required  in  the 
other  scale,  in  order  to  re-establish 
equDibriuncL  If  the  capacity  of 
the  globe  is  12  litres,  about  15*5 
grammes  will  be  needed,  which 
gives  1*3  gramme  as  the  approxi- 
mate weight  of  a  litre  of  air.^ 

If,  in  performing  this  experiment, 
we  take  particular  precautions  to 
insure  its  precision,  as  we  shall  ex- 
plain in  the  book  on  heat,  it  will 
be  found  that,  at  the  temperature 
of  freezing  water,  and  under  the 
pressure  of  one  atmosphere,  a  litre 
of  air  weighs  1  -293  gramme.^  Under 
these   circumstances,   the  ratio   of  a  volume   of  air  to  an   equal 

1*293  1 

volume  of  water  is  j^qq-  =  ^j^.     Air  is  thus  773  times  lighter  than 
water. 
By  repeating  this  experiment  with  other  gases,  we  may  determine 

^  A  cubic  foot  of  air  in  ordinary  circumstances  weighs  about  an  ounce  and  a  quarter. 

*  In  strictness,  the  weight  in  grammes  of  a  litre  of  air  under  the  pressure  of  760 
millimetres  of  mercury  is  different  in  different  localities,  being  proportional  to  the  intensity 
of  gravity — not  because  the  force  of  gravity  on  the  litre  of  air  is  different,  for  though  this 


Fig.  100.—  Weight  of  Air. 
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their  weight  as  compared  with  that  of  air,  and  the  absolute  weight 
of  a  litre  of  each  of  them.  Thus  it  is  found  that  a  litre  of  oxygen 
weighs  1*43  gramme,  a  litre  of  carbonic  acid  1*97  gramme,  a  litre  of 
hydrogen  0089  gramme,  &c 

101.  Atmospheric  Pressure. — ^The  atmosphere  encircles  the  earth 
with  a  layer  some  50  or  100  miles  in  thickness;  this  heavy  fluid 
mass  exerts  on  the  surface  of  all  bodies  a  pressure  entirely  analogous 
both  in  nature  and  origin  to  that  sustained  by  a  body  wholly 
immersed  in  a  liquid.  It  is  subject  to  the  fundamental  law  men- 
tioned in  §  64.  The  pressure  should  therefore  diminish  as  we 
ascend  from  the  surface  of  the  earth,  but  should  have  the  same  value 
for  all  points  in  the  same  horizontal  layer,  provided  that  the  air  is  in 
a  state  of  equilibrium.  On  account  of  the  great  compressibility  of 
gas,  the  lower  layers  are  much  more  dense  than  the  upper  ones ;  but 
the  density,  like  the  pressure,  is  constant  in  value  for  the  same 
horizontal  layer,  throughout  any  portion  of  air  in  a  state  of 
equilibrium.  Whenever  there  is  an  inequality  either  of  density  or 
pressure  at  a  given  level,  wind  must  ensue. 

We  owe  to  Torricelli  an  experiment  which  plainly  shows  tlie 
pressure  of  the  atmosphere,  and  enables  us  to  estimate  its  intensity 
with  great  precision.  This  experiment,  which  was  performed  in 
1643,  one  year  after  the  death  of  Galileo,  at  a  time  when  the  weight 
and  pressure  of  the  air  were  scarcely  even  suspected,  has  immortalized 
the  name  of  its  author,  and  has  exercised  a  most,  important  influence 
upon  the  progress  of  natural  philosophy. 

102.  Torricelli's  Experiment. — A  tube  of  about  a  quarter  or  a  third  of 
an  inch  in  diameter,  and  about  a  yard  in  length,  is  completely  filled 
with  mercury ;  the  extremity  is  then  stopped  with  the  finger,  and 
the  tube  is  inverted  in  a  vessel  containing  mercury.  If  the  finger  is 
now  removed,  the  mercury  will  descend  in  the  tube,  and  after  a  few 

is  true,  it  does  not  affect  the  numerical  value  of  the  weight  when  stated  in  grammes,  hut 
because  the  pressure  of  760  millimetres  of  mercury  varies  as  the  intensity  of  gravity,  so 
that  more  air  is  compressed  into  the  space  of  a  litre  as  gravity  increases.     (§  107,  6.) 

The  utight  in  grammes  is  another  name  for  the  mcut.  The  force  of  gravity  on  a  litre  of 
air  under  the  pressure  of  760  millimetres  is  proportional  to  the  square  of  the  intensity  of 
gravity. 

This  is  an  excellent  example  of  the  ambiguity  of  the  word  weight,  which  sometimes 
denotes  a  mass,  sometimes  a  force;  and  though  the  distinction  is  of  no  practical  importance 
so  long  as  we  confine  our  attention  to  one  locality,  it  cannot  be  neglected  when  different 
localities  are  compared. 

Kegnault's  determination  of  the  weight  of  a  litre  of  dry  air  at  0**  Cent,  under  the  pressure 
of  760  millimetres  at  Paris  is  1-293187  gramme.  Gravity  at  Paris  is  to  gravity  at  Green- 
wich as  3456  to  3457.    The  corresponding  number  for  Greenwich  is  therefore  1  '293561. 
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oscillations  will  remain  stationary  at  a  height  which  varies  according 
to  circumstances,  but  which  is  generally  about  30  inches. 

The  column  of  mercury  is  maintained  at  tiiis  height  by  the 
pressure  of  the  atmosphere  upon  tbe  surGace  of  the  mercury  in  the 
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vessel  In  fact,  the  pressure  at  the  level  ABCD  must  be  the  same 
witbin  as  without  the  tube;  bo  that  the  column  of  mercury  BE 
exerts  a  pressure  equal  to  that  of  the  atmosphere. 

Accordingly,  we  conclude  from  this  experiment  of  Torricelli  that 
every  surface  exposed  to  the  atmosphere  sustains  a  normal  pressure 
equal,  on  an  average,  to  the  weight  of  a  column  of  mercury  whose 
base  is  this  surface,  and  whose  height  is  30  inches. 

It  is  evident  that  if  we  performed  a  similar  experiment  with 
water,  whose  density  is  to  that  of  mercury  as  1  :  1359,  the  height 
of  the  column  sustained  would  be  13-59  times  as  much;  that  is. 
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30  X  13'59  inches,  or  about  34  feet     This  is  the  maximum  height 
to  which  water  can  be  raised  in  a  pump;  as  was  observed  by  Galileo.' 

In  general  the  heights  of  columns  of  different  liquids 
equal  in  weight  to  a  column  of  air  on  the  same  base,  are 
inversely  proportional  to  their  densities. 

103.  Pressure  of  One  Atmosphere. — ^We  can  easily  calcu- 
late the  amount  of  this  pressure  for  a  given  surface,  for 
example,  a  square  incL  It  is  the  weight  of  a  column  of 
mercury  whose  base  is  a  square  inch  and  height  30  inches, 
that  is,  the  weight  of  30  cubic  inches  of  mercury ;  and  as 
a  cubic  inch  of  mercury  weighs  about  half  a  pound,  the 
atmospheric  pressure  on  a  square  inch  is  about  1 5  pound& 
This  pressure  of  15  pounds^  to  the  square  inch  is  called 
the  pressure  ofom  atmoephere;  it  is  exerted  in  a  normal 
direction  at  all  points  on  the  surface  of  a  body,  and  in 
consequence,  as  in  the  case  of  a  body  whoUy  immersed  in 
a  liquid,  the  resultant  of  the  different  elementary  pres- 
sures is  a  vertical  upward  pressure  equal  to  the  weight  of 
the  air  displaced  The  effect  of  the  air,  therefore,  is  not, 
as  was  formerly  supposed,  to  press  bodies  to  the  surface 
of  the  earth ;  on  the  contrary,  it  tends  to  raise  them,  as  in  a  liquid, 
but  with  comparatively  small  force,  owing  to  its  small  density.  It 
is  upon  this  principle  that  the  ascent  of  balloons  depends^  as  we  shall 
see  hereafter. 

104.  Pascal's  Experiments. — It  is  supposed,  though  without  any  de- 
cisive proof,  that  Torricelli  derived  from  Galileo  the  definite  conception 
of  atmospheric  pressure.^  However  this  may  be,  when  the  experiment 
of  the  Italian  philosopher  became  known  in  France  in  1644,  no  one 
was  capable  of  giving  the  correct  explanation  of  it,  and  the  famous 


Fig.  199. 


'  ^  More  accurately,  14 '73  pounds,  which  b  equivalent  to  the  weight  of  29*922  inches  (or 
760  millimetreB)  of  pure  mercury  of  the  temperature  of  freezing  water. 

'  In  the  fountains  of  the  Grand-duke  of  Tuscany  some  pumps  were  required  to  raise 
water  from  a  depth  of  from  40  to  60  feet.  When  these  were  worked,  it  was  found  that  they 
would  not  draw.  Galileo  determined  the  height  to  which  the  water  rose  in  their  tubes, 
and  found  it  to  be  about  32  feet ;  and  as  he  had  observed  and  proved  that  ur  has  weighty 
he  readily  conceived  that  it  was  the  weight  of  a  colunm  of  the  atmosphere  which  maintained 
the  water  at  this  height  in  the  pumps.  No  very  useful  results,  however,  were  expected 
from  this  discovery,  until,  at  a  later  date,  Torricelli  adopted  and  greatly  extended  it 
Desiring  to  repeat  the  experiment  in  a  more  convenient  form,  he  conceived  the  idea  of  sub- 
stituting for  water  a  liquid  that  is  14  times  as  heavy,  namely,  mercury,  rightly  imagining 
that  a  column  of  one-fourteenth  of  the  length  would  balance  the  force  which  sustained  32 
feet  of  water  (Biot,  Biographic  Universelle,  article  ** Torricelli"). — D. 
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doctrine  tbat  "nature  abhors  a  vacuum,"  by  which  the  riBing  of 
water  in  a  pump  was  accounted  for,  was  generally  accepted.     Pascal 
was  the  first  to  prove  incontestably  the  falsity  of  this  old  doctrine, 
and  to  introduce  a  more  rational  belief     For  this  purpose  he  pro- 
posed or  executed  a  series  of  ingenious  experimeuts,  and  discussed 
minutely  all  the  phenomena  which  were  attributed 
to  nature's  abhorrence  of  a  vacuum,  showing  that 
tliey  were  necessary  consequences  of  the  pressure 
of  the  atmosphere. 

We  may  cite  in  particular  the  observation,  made 
at  bis  suggestion,  that  the  height  of  the  mercurial 
column  decreases  in  proportion  as  we  ascend. 
This  beautiful  and  decisive  experiment,  which  is 
repeated  as  often  as  heights  are  measured  by  the 
barometer,  and  which  leaves  no  doubt  as  to  the 
nature  of  the  force  which  sustains  the  mercurial 
column,  was  performed  for  the  first  time  at  Cler- 
mont, and  on  tlie  top  of  the  Puy-de-D6me,  on  the 
19th  September,  1648. 

lOS.  The  Barometer. — By  fixing  the  Torricellian 
tube  in  a  permanent  position,  we  have  a  means 
of  measuring  the  amount  of  the  atmospheric  pres- 
sure at  any  moment ;  and  this  pressure  may  be 
expressed  by  the  height  of  the  column  of  mercury 
which  it  supports.  Such  an  instrument  is  called 
a  barometer.  In  order  that  its  indications  may 
be  accurate,  several  precautions  must  be  observed. 
In  the  first  place,  the  liquid  used  in  different 
barometers  must  be  identical,  for  the  height  of 
the  column  supported  naturally  depends  upon  the 
density  of  the  liquid  employed,  and  if  this  varies, 
the  observations  made  with  different  instruments 
will  not  be  comparable. 

The  mercury  employed  is  chemically  pure,  being 
generally  made  so  by  washing  with  a  dilute  acid  ^-  "^?*"^!^  "' 
aod  by  subsequent  distillation.  The  barometric 
tube  is  filled  nearly  full,  and  is  then  placed  upon  a  sloping  furnace, 
and  heated  till  the  mercury  boila  The  object  of  this  process  is  to 
expel  the  air  and  moisture  which  may  be  contained  in  the  mercurial 
column,  and  which,  without  this  precaution,  would  gradually  ascend 


146  THE  BABOHETEB. 

into  the  vacuum  above,  and  cause  a  downward  pressure  of  unknown 
amount,  which  would  prevent  the  mercury  from  risiDg  to  the  proper 
height. 

The  next  step  is  to  fill  up  the  tube  with  pure  mercury,  taking 
care  not  to  introduce  any  bubble  of  air.  The  tube  is  then  inverted 
in  a  cistern  likewise  containing  pure 
mercury  recently  boiled,  and  is  firmly 
fixed  in  a  vertical  position,  as  shown 
in  Fig.  110. 

We  have  thus  a  fixed  barometer; 
and  in  order  to  ascertain  the  atmo- 
spheric pressure  at  any  moment,  it  is 
only  necessary  to  measure  the  height 
of  the  top  of  the  column  of  mercury 
above  the  surface  of  the  mercuiy  in 
the  cistern.  For  this  piu-pose  an  iron 
rod,  working  in  a  screwj  is  fixed  ver- 
tically above  the  surface  of  the  mer- 
cury in  the  dish.  The  extremities  of 
this  rod  are  pointed,  and  the  lower 
extremity  being  brought  down  to 
touch  the  surface  of  the  liquid  below, 
the  distance  of  the  upper  extremity 
from  the  top  of  the  column  of  mer- 
cury is  measured.  Adding  to  this  the 
length  of  the  rod,  which  has  previ- 
ously been  determined  once  for  alt, 
we  have  the  barometric  height.  This 
measurement  may  be  effected  with 
great  precision  by  means  of  the  cathe- 
tometer. 

105a.  Cathetometer. — This  instru- 
ment, which  is  so  frequently  em- 
ployed in  physics  to  measure  the  ver- 
tical distance  between  two  points, 
was  invented  by  Dulong  and  Petit. 
It  consists  essentially  (Fig.  Ill)  of  a  vertical  scale  divided  usually 
into  half  miUimetrea  This  scale  forms  part  of  a  brass  cylinder  capable 
of  turning  very  easily  about  a  strong  steel  axis.  This  axis  is  fixed  on 
a  pedestal  provided  with  three  levelling  screws,  and  with  two  spirit- 
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levels  at  right  tingles  to  each  other.     Along  the  scale  moves  a  didiiig 
frame  carrying  a  telescope  furnished  with  crosawirea,  that  is,  with  two 
very  fine  threads,  usually  spider  lines,  in  the  focus  of  the  eye-piece, 
whose  point  of  intersection  serves  to  determine  the  line  of  vision.    By 
means  of  a  clamp  and  slow-motion  screw,  the  telescope  can  be  fixed 
■with  great  precision  at  any  required  height.     The  telescope  is  also 
provided  with  a  spirit-level  and  adjusting  screw. 
When  the  apparatus  is  in  correct  adjustment, 
the  line  of  vision  of  the  telescope  is  horizontal, 
and  the  graduated  scale  is  vertical     If  then  we 
wish  to  measure  the  difference  of  level  between 
two  points,  we  have  only  to  sight  them  succes- 
sively, and  raeaeure  the  distance  passed  over  on 
the  scale,  which  is  done  by  means  of  a  vernier 
attached  to  the  sliding  frame. 

106.  Fortin'B  Barometer. — The  barometer  just 
described  is  intended  to  be  fixed;  when  porta- 
bility is  required  the  barometer  invented  by 
Fortin  is  employed.  It  is  also 
perfectly  adapted  to  general  use. 
The  cistern,  which  is  formed  of  a 
tube  of  boxwood,  eormounted  by 
a  tube  of  glass,  is  closed  below  by 
a  piece  of  leather,  which  can  be 
raised  or  lowered  by  means  of  a 
screw.  This  screw  works  in  the 
bottom  of  a  copper  case,  which 
incloses  the  cistern  except  at  the 
middle,  where  it  is  cut  away  in 
front  and  at  the  back,  so  as  to 
leave  the  surface  of  the  mercury 
open   to  view.     The  barometric 

tube  is  encased  in  a  tube  of  copper,         ng.  us.  Fig.  112. 

with  two  sUts  at  opposite  sides    '''^Z^.'^  "'Tol^f '' 

(Fig.  113);  and  it  is  on  this  tube 

that  the  divisions  are  engraved,  the  zero  point  from  which  they  are 
reckoned  being  the  lower  extremity  of  an  ivory  point  fixed  in  the 
covering  of  the  cistern.  The  temperature  of  the  mercury,  which  is 
required  for  one  of  the  corrections  mentioned  in  next  section,  is  given 
by  a  thermometer  with  its  bulb  resting  against  the  tube.     A  sliding 
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piece,  furnished  with  a  vernier,^  moves  along  the  tube  by  means  of 
the  screw  B,  and  enables  us  to  determine  the  height  with  great  pre- 
cision. Its  lower  edge  is  the  zero  of  the  vernier.  The  way  in  which 
the  barometric  tube  is  fixed  upon  the  cistern  is  worth  notica  In  the 
centre  of  the  upper  surface  of  the  copper  casing  there  is  an  opening, 
from  which  rises  a  short  tube  of  the  same  metal,  lined  with  a  tube  of 
boxwood.  The  barometric  tube  is  pushed  inside,  and  fitted  in  with 
a  piece  of  chamois  leather,  which  prevents  the  mercury  from  issuing; 
but  does  not  exclude  the  air,  which,  passing  through 'the  pores  of  the 
leather,  penetrates  into  the  cistern,  and  so  transmits  its  pressure. 

Before  taking  an  observation,  the  surface  of  the  mercury  is  adjusted, 
by  means  of  the  lower  screw,-  to  touch  the  ivory  point  The  observer 
knows  when  this  condition  is  fiilfilled  by  seeing  the  extremity  of  the 
point  t6uch  its  image  in  the  mercury.  The  vernier  is  then  raised  or 
lowered,  until  the  horizontal  plane  in  which  its  zero  lies  is  tangential 

^  The  vernier  la  an  instrument  very  largely  employed  for  measuring  the  fractions  of  a 
unit  of  length  on  any  scale.  Suppose  we  have  a  scale  divided  into  inches,  and  another 
scale  containing  nine  inches  divided  into  i&sx  equal  parts.  If  now  we  make  the  end  of  this 
latter  scale,  which  is  called  the  vernier,  coincide  with  one  of  the  divisions  in  the  scale  of 
inches,  as  each  division  of  the  vemieit  is  -^  of  an  inch,  it  is  evident  that  the  first  division 
on  the  scale  will  be  i^  of  an  inch  beyond  ike  first  division  on  the  vernier,  the  second  on  the 
scale  ^  beyond  the  second  on  the  vernier,  and  so  on  until  the  m'nth  on  the  scales,  which 
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Fig.  Hi.— Vernier. 

will  exactly  coincide  with  the  tenth  on  the  vernier.  Suppose  next  that  in  measuring 
any  length  we  find  that  its  extremity  lies  between  the  degrees  5  and  6  on  the  scale;  we 
bring  the  zero  of  the  vernier  opposite  the  extremity  of  the  length  to  be  measured,  and 
observe  what  division  on  the  vernier  coincides  with  one  of  the  divisions  on  the  scale.  We 
see  in  the  figure  that  it  is  the  seventh,  and  thus  we  conclude  that  the  fraction  required  is 
^Q  of  an  inch. 

If  the  vernier  consisted  of  19  inches  divided  into  20  equal  parts,  it  would  read  to  the  J^ 
of  an  inch;  but  there  Lb  a  limit  to  the  precision  that  can  thus  be  obtained.  An  exact  coin- 
cidence of  a  division  on  the  vernier  with  one  on  the  scale  seldom  or  never  takes  place,  and 
we  merely  take  the  division  which  approaches  nearest  to  this  coincidence;  so  that  when 
the  difierence  between  the  degrees  on  the  vernier  and  those  on  the  scale  is  very  small,  there 
may  be  so  much  uncertainty  in  this  selection  as  to  nullify  the  theoretical  precision  of  the 
instrument.  Verniers  are  also  employed  to  measure  angles ;  when  a  circle  is  divided  into 
half  degrees,  a  vernier  is  used  which  gives  -^j^  of  a  division  on  the  circle,  that  is,  -^  of  a 
half  degree,  or  one  minute. — D. 
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to  the  upper  sur&ce  of  the  mercurial  column,  as  shown  in  Fig.  113. 
In  making  this  adjustment,  the  back  of  the  instrument  should  be 
turned  towards  a  good  light,  in  order  that  the  observer  may  be  cer- 
tain of  the  position  in 
which  the  light  is  just 
cut  ofF.at  the  snmmit  of 
the  convexity. 

When  the  instrument 
is  to  be  moved,  the 
screw  at  the  bottom  is 
turned  until  the  tube  ia 
filled.  The  cistern  will 
then  be  full  also,  and 
the  barometer  should  be 
inverted,  as  an  addi- 
tional safeguard  both 
against  the  introduction 
of  air  and  the  escape  of 
mercury.  In  making 
observations  upon  the 
surface  of  the  ground, 
the  instrument  is  sus- 
pended from  a  tripod 
stand  by  gimbals,'  so 
that  it  always  tak^s  a 
vertical  position;  or  it 
may  be  fixed  perman- 
ently against  a  wall. 

106a.  Tloat  Adjust- 
ment.— In  some  baro- 
meters the  ivory  point 
for  indicating  the  proper  . 
level  of  the  mercury  in 
the  cistern  is  replaced 
by  a  float.    F  (Fig.  107)  *^ 

is  a  small  ivory  piston,  having  the  float  attached  to  its  foot,  and 
moving  fieely  up  and  down  between  the  two  ivory  guides  I.  A 
horizontal  line  (interrupted  by  the  piston)  is  engraved  on  the  two 

'  A  kind  of  unireiM]  joint,  in  common  use  on  board  ship  tor  the  auBpenrion  of  eom- 
fwoui,  Ump*,  JK.     It  ii  Been  in  Fig.  llfi,  at  the  top  of  tbe  tripod  Btand. 
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guides,  and  another  is  engraved  on  the  piston,  at  such  a  height  that 
the  three  lines  form  one  straight  line  when  the  surface  of  the  mer- 
cury in  the  cistern  stands  at  the  zero  point  of  the  scale 
107.  Barometric  Corrections. — In  order  that  baro- 
metric heights  may  be  comparable  as  measures  of 
atmospheric  pressure,  certain  corrections  must  be  ap- 
plied. 

1,  GorTection  for  Temperature.  As  mercury  expands 
with  beat,  it  follows  that  a  column  of  warm  mercury 
exerts  less  pressure  than  a  column  of  the  same  height 
at  a  lower  temperature;  and  it  is  usual  to  reduce  the 
actual  height  of  the  column  to  the  height  of  a  column 
at  the  temperature  of  freezing  water,  which  would 
exert  the  same  pressure. 

Let  h  be  the  observed  height  at  temperature  f  Centi- 
grade, and  h^  the  height  reduced  to  freezing-points 
Then,  if  m  be  the  coe£Scient  of  expansion  of  mercury 
per  degree  Cent,  we  have 

Ij,  (l+ni()=A,  whence  J„=A- A (Bdiearij. 
The  value  of  m  (Chap.  xxiL)  is  ^  — 00018018.    For  temperatures 
Fahrenheit,  we  have 

h,  {l  +  m((-82)  ^=S,  *.=A-Ani((-82), 
where  m.  denotes  -^-^-  =  '0001001, 

But  temperature  also  aSects  the  length  of  the  divisions  on  the 
scale  by  which  the  height  of  the  mercurial  column  is  measured.  If 
these  divisions  be  true  inches  at  0°  Cent,  then  at  t"  the  length  of  n 
divisions  will  be  n  (\-\-lt)  inches,  I  denoting  the  coefficient  of  linear 
expansion  of  the  scale,  the  value  of  which  for  brass,  the  usual 
material,  is  -00001878.  If  then  the  observed  height  h  amounts  to 
n  divisions  of  the  scale,  we  have 

K  (l  +  m()  =  ft=n  Cl  +  Il); 
whence 

ii,=  — j-3^     =n-n(  (nt-Q,  nearlj; 

that  is  to  say,  if  n  be  the  height  read  off  on  the  scale,  it  must  be 
diminished  by  the  correction  n  t  (m— Q,  t  denoting  the  temperature 
of  the  mercury  in  degrees  Centigrade.  The  value  of  in,— I  is 
•0001614. 
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For  temperatures  Fahrenheit,  assuming  the  scale  to  be  of  the 
correct  length  at  32°  Fahr.,  the  formula  for  the  correction  (which  is 
still  subtractive),  is  n  (^—32)  (m— Q,  where  m— i  has  the  value 
•00008967.^ 

2.  Correction  for  Capillarity. — In  the  preceding  chapter  we  have 
seen  that  mercury  in  a  glass  tube  undergoes  a  capillary  depression, 
whence  it  follows  that  the  observed  barometric  height  is  too  small, 
and  that  we  must  add  to  it  the  amount  of  this  depression.  In  all 
tubes  of  internal  diameter  less  than  about  |^  of  an  inch  this  correction 
is  sensible;  and  its  amount,  for  which  no  simple  formula  can  be  given, 
has  be^i  computed,  from  theoretical  considerations,  for  various  sizes 
of  tube,  by  several  eminent  mathematicians,  and  recorded  in  tables, 
from  which  that  given  below  is  abridged.  These  values  are  applicable 
on  the  assumption  that  the  meniscus  which  forms  the  summit  of  the 
mercurial  column  is  decidedly  convex,  as  it  always  is  when  the  mer- 
cary  is  rising.  When  the  meniscus  is  too  fiat,  the  mercury  must  be 
lowered  by  the  foot-screw,  and  then  screwed  up  again. 

It  is  found  by  experiment,  that  the  amount  of  capillary  depression 
is  only  half  as  great  when  the  mercury  has  been  boiled  in  the  tube, 
as  when  this  precaution  has  been  neglected. 

For  purposes  of  special  accuracy,  tables  have  been  computed, 

^  The  correction  for  temperature  is  usually  made  by  the  help  of  tables,  which  give  its 
amount  for  all  ordinary  temperatures  and  heights.  These  tables,  when  intended  for 
Knglifth  barometers,  are  generally  constructed  on  the  assumption  that  the  scale  is  of  the 
correct  length  not  at  32°  Fahr.,  but  at  62°  Fahr.,  which  is  (by  act  of  Parliament)  the 
temperature  at  which  the  British  standard  yard  preserved  in  the  office  of  the  Exchequer) 
is  correct.  On  this  supposition,  the  lengtii  of  n  divisions  of  the  scale  at  temperature  ^ 
Fahr.,  is 

n{l  +  Z(«-62)}; 

snd  by  equating  this  expression  to 

Ao{l+m(<-32)} 
we  find 

A^=n{l-m(«-82)  +  Z(«-62)} 

=n{l-  (m-^  t+  (Z2m~62l)} 

=n {l  -  -00008967  t+  -00256654}  ; 
whidi,  omitting  superfluous  decimals,  may  convenientiy  be  put  in  the  form — 

»--J!L-(09«-2-66). 
1000 

The  correction  yanishes  when 

•09  «- 2-56=0; 

that  18,  when  <=^»28-5. 

9 

For  sU  temperatures  higher  than  this  the  correction  is  subtractive. 
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giving  the  amount  of  capillary  depression  for  different  degrees  of 
convexity,  as  determined  by  the  sagitta  (or  height)  of  the  meniscus, 
taken  in  conjunction  with  the  diameter  of  the  tuba  Such  tables, 
however,  are  seldom  used  in  this  country.^ 

Table  of  Capillary  Depressions  in  Unboiled  Tubes. 
{To  he  halved  for  Boiled  Tubes.) 


Diameter  of 
tube  in  inches. 

Depreoiioa. 

Diameter. 

Depfeeaion.        Diameter. 

DepreoBion. 

10 

•140 

•20 

•058 

40 

•015 

11 

•126 

•22 

•050 

42 

•013 

12 

•114 

•24 

•044 

44 

•Oil 

13 

•104 

•26 

•038 

46 

•009 

14 

•094 

•28 

•083 

•48 

•008 

•15 

•086 

•80 

•029 

•60 

•007 

16 

•079 

•82 

•026 

'55 

•006 

•17 

•073 

•84 

•028 

•60 

•004 

•18 

•068 

•86 

•020 

•65 

•008 

•19 

•068 

•88 

•017 

■70 

•002 

3.  Correction  for  Capacity, — When  there  is  no  provision  for  ad- 
justing the  level  of  the  mercury  in  the  cistern  to  the  zero  point  of 
the  scale,  another  correction  must  be  applied.  It  is  called  the  cor- 
rection for  capacity.  In  barometers  of  this  construction,  which  were 
formerly  much  more  common  than  they  are  at  present,  there  is  a 
certain  point  in  the  scale  at  which  the  mercurial  column  stands  when 
the  mercury  in  the  cistern  is  at  the  correct  level  This  is  called  the 
neutral  point  If  A  be  the  interior  area  of  the  tube,  and  C  the  area 
of  the  cistern  (exclusive  of  the  space  occupied  by  the  tube  and  its 
contents),  when  the  mercury  in  the  tube  rises  by  the  amount  x,  the 

mercury  in  the  cistern  faUs  by  an  amount  y=:^x,  for  the  volume  of 

the  mercury  which  has  passed  from  the  cistern  into  the  tube  is 
C  2/ = A  03.     The  change  of  atmospheric  pressure  is  correctly  measured 

by  ic+2/=  (l  +Q-)  Xy  and  if  we  now  take  x  to  denote  the  distance  of 
the  summit  of  the  mercurial  column  from  the  neutral  point,  the  cor- 
rected distance  will  be  (l  -|-^)  x,  and  the  correction  to  be  applied  to 

the  observed  reading  will  be  ^  x,  which  is  additive  if  the  observed 

reading  be  above  the  neutral  point,  subtractive  if  below. 

It  is  worthy  of  remark  that  the  neutral  point  depends  upon  the 

^  The  most  complete  collection  of  meteorological  and  physical  tables,  is  that  edited  by 
Professor  Guyot,  and  published  under  the  auspices  of  the  Smithsonian  Institution,  Wash- 
ington. 
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volume  of  mercury.  It  will  be  altered  if  any  mercury  be  lost  or 
added;  and  as  temperature  affects  the  volume,  the  correction  for 
temperature  should  be  first  applied,  and  the  height  of  the  column 
thus  corrected  should  be  used  in  computing  the  correction  for 
capacity. 
In  some  modem  instruments  the  correction  for  capacity  is  avoided, 

by  making  the  divisions  on  the  scale  less  than  true  inches,  in  the 

•     c 
ratio  j^tq,  and  tlie  effect  of  capillarity  is  at  the  same  time  compen- 
sated by  lowering  the  zero  point  of  the  scale.     Such  instruments,  if 
correctly  made,  simply  require  to  be  corrected  for  temperature. 

4.  Index  Errors. — Under  this  name  are  included  errors  of  gradua- 
tion, and  errors  in  the  position  of  the  zero  of  the  graduations.  An 
error  of  zero  makes  all  readings  too  high  or  too  low  by  the  same 
amount  Errors  of  graduation  (which  are  generally  exceedingly 
small)  are  different  for  different  parts  of  the  scale. 

Barometers  intended  for  accurate  observation  are  now  usually 
examined  at  Kew  Observatory  before  being  sent  out;  and  a  table  is 
furnished  with  each,  showing  its  index  error  at  every  half  inch  of 
the  scale,  errors  of  capillarity  and  capacity  (if  any)  being  included  as 
part  of  the  index  error.  We  may  make  a  remark  here  once  for  all 
respecting  the  signs  attached  to  errors  and  corrections.  The  sign  of 
an  error  is  always  opposite  to  that  of  its  cqrrection-  When  a  reading 
is  too  high  the  index  error  is  one  of  excess,  and  is  therefore  positive; 
whereas  the  correction  needed  to  make  the  reading  true  is  subtrac- 
tive,  and  is  therefore  negative. 

5.  Reduction  to  Sea-level — In  comparing  barometric  observations 
taken  over  an  extensive  district  for  meteorological  purposes,  it  is 
usual  to  apply  a  correction  for  difference  of  level  Atmospheric  pres- 
sure, as  we  have  seen,  diminishes  as  we  ascend;  and  it  is  usual  to  add 
to  the  observed  height  the  difference  of  pressure  due  to  the  elevation 
of  the  place  above  sea-leveL  The  amount  of  this  correction  is  pro- 
portional to  the  observed  pressure.  The  law  according  to  which  it 
increases  with  the  height  will  be  discussed  in  the  next  chapter. 

6.  Correction  for  Unequal  Intensity  of  Oravity. — When  two 
barometers  indicate  the  same  height,  at  places  where  the  intensity  of 
gravity  is  different  (for  example,  at  the  pole  and  the  equator),  the 
same  mass  of  air  is  superincumbent  over  both ;  but  the  pressures  are 
unequal,  being  proportional  to  the  intensity  of  gravity  as  measured 
by  the  values  of  g  (Chapa  v.  vi)  at  the  two  places     When  intensity 


154  THE   BAHOHETEB. 

of  pressure  ia  to  be  expressed  In  absolute  measure,  it  should  be  stated 
ID  absolute  units  of  force  (§  42)  per  unit  area.  If  we  adopt  as  our  ab- 
solute unit  of  force,  that  force  which,  acting  on  a  pound  of  matter  for 
a  second,  would  generate  a  velocity  of  a  foot  per  second,  it  ia  neces- 
sary that  the  square  foot  should  be  made  tbe  unit  of  area. 

Since  tbe  force  of  gravity  on  a  pound  contains  g  absolute  units  of 
force,  and  the  weight  of  144  cubic  inches  of  mercury  at  0°  Centigrade 
is  707275  lbs,  we  have  the  following  rules  for  reducing  pressure  per 
unit  area  to  absolute  measure: — 

To  reduce  Iba.  p«r  sq.  foot  (o  Absolute  meuoie,  multiply  bf         g. 
„        Ibo.  per  Bq.  inch  „  „  — ^■ 

„        inches  of  mercury  „  ,•      9>^  707275. 

108.  Otter  Muds  of  Mercnrial  Barometer. — The  Siphon  Barometer, 
which  is  represented  in  Fig.  116,  consists  of  a  bent  tube,  generally 
of  uniform  bore,  having  two  unequal  legs.  The  longer 
leg,  which  must  be  more  than  30  inches  long,  is  closed, 
while  the  shorter  leg  is  open.  A  sufGcient  quantity  of 
mercury  having  been  introduced  to  fill  the  longer  1^,  the 
instrument  is  set  upright  (after  boiling  to  expel  air),  and 
the  mercury  takes  such  a  position,  that  the  difference  of 
levels  in  the  two  legs  represents  the  pressure  of  tbe  atmo- 
sphere. 

Supposing  the  tube  to  be  of  uniform  section,  the  mercury 
will  always  fall  as  much  in  one  leg  as  it  rises  in  the  other. 
Each  end  of  the  mercurial  column  therefore  rises  or  &II3 
through  only  half  the  height  corresponding  to  the  change 
of  atmospheric  pressure. 

In  the  best  siphon  barometers  there  are  two  scales,  one 
for  each  leg,  as  indicated  in  the  figure,  the  divisions  on 
one  being  reckoned  upwards,  and  on  the  other  downwards, 
from  an  intermediate  zero  point,  so  that  the  sum  of  the 
two  readings  is  the  difference  of  levels  of  the  mercury  in 
the  two  branches. 
Inasmuch  as  capillarity  tends  to  depress  both  extremities  of  the 
mercurial  column,  its  effect  is  generally  neglected  in  siphon  baro- 
meters; but  practically  it  causes  great  difficulty  in  obtaining  accurate 
observations,  for  according  as  the  mercury  is  rising  or  falling  its 
extremity  is  more  or  less  convex,  and  a  great  deal  of  tapping  is 
usually  required  to  make  both  ends  of  the  colunm  assume  the  same 
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fonn,  which  is  the  condition  necessaiy  for  anniLilatiog  the  effect  of 
capillary  action. 

Wheel  Barometer.~-The  wheel  barometer,  which  is  in  more  gen- 
eral use  than  its  merits  deserve,  consists  of  a  siphon  barometer, 
the  two  braoches  of  which  have  usually  the  same  diameter.  On 
the  surface  of  the  mercury  of  the  open  branch  floats  a  small  piece 
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of  iron  or  glass  suspended  by  a  thread,  the  other  extremity  of  which 
is  fixed  to  a  pulley,  on  which  the  thread  is  partly  rolled.  Another 
thread,  rolled  parallel  to  the  first,  supports  a  weight  which  balances 
tbe  float.  To  the  axis  of  the  pulley  is  fixed  a  needle  which  moves  on 
a  dial  When  the  level  of  the  mercury  varies  in  either  direction,  the 
float  follows  its  movement  through  the  same  distance;  by  the  action 
of  the  counterpobe  the  pulley  turns,  and  with  it  the  needle,  the  ex- 
tremity of  which  points  to  the  figures  on  the  dial,  marking  the  baro- 
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metric  heighta  The  mounting  of  the  dial  is  usually  placed  in  ^tmt 
of  the  tube,  so  as  to  conceal  its  presence.  The  wheel  barometer  is  a 
very  old  invention,  and  was  introduced  by  the  celebrated  Hooke  in 
1683.  The  pulley  and  strings  are  sometimes  replaced  by  a  rack  and 
pinion,  as  represented  in  the  figure  (Fig.  118). 

Besides  the  faults  incidental  to  the  siphon  barometer,  the  wheel 
barometer  is  encumbered  in  its  movements  by  the  friction  of  the 
additional  apparatus.  It  is  quite  unsuitable  for  measuring  the  exact 
amount  of  atmospheric  pressure,  and  is  slow  in  indicating  changes. 

Marine  Barometer. — The  ordinary  mercurial  barometer  cannot  be 
used  at  sea,  on  account  of  the  violent  oscillations  which  the  mercury 
would  experience  from  the  motion  of  the  vessel  In  order  to  meet 
this  difficulty,  the  tube  is  contracted  in  its  middle 
portion  nearly  to  capillary  dimensions,  so  that  the 
motion  of  the  mercury  in  either  direction  is  hindered. 
An  instrument  thus  constructed  is  called  a  marine 
barometer.  When  such  an  instrument  is  used  on  land 
it  is  always  too  slow  in  its  indications. 

Adie'a  Barometer. — A  very  convenient  form  of 
barometer,  which  is  extensively  used  under  the  direc- 
tion of  the  Board  of  Trade,  is  constructed  by  Adie 
of  London.  The  error  of  capillarity  is  allowed  for 
in  fixing  the  zero  point  of  the  scale.  The  error  of 
capacity  is  obviated  by  making  the  divisions  of  the 
scale  less  than  true  inches,  in  such  a  ratio  as  exactly 
to  correct  for  capacity.  The  observer,  therefore,  has 
merely  to  read  the  height  of  the  top  of  the  mercurial 
column,  and  correct  for  temperature.  The  tube  is 
generally  contracted  in  its  middle  part,  to  diminish 
the  "pumping"  (i.e.  oscillation),  which  occurs  when 
it  is  carried  from  place  to  place ;  but  the  contraction 
is  much  less  than  in  the  marine  barometer. 

108a.  Sympiesometer  {mif,  rit(iu). — Adie's  sympie- 

someter  (Fig.  117)  consists  of  a  glass  tube  18  inches 

in  length  and  i  inch  in  diameter,  with  a  small 

chamber  at  the  top,  and  an  open  cistern  below.     In 

STmpiHonauv.        the  Original  construction  the  upper  part  of  the  tube 

was  filled  with  hydrogen,  and  the  lower  part  and 

cistern  with  oil  of  almonds.    In  the  construction  now  employed  these 

materials  are  replaced  by  common  air  and  glycerine. 
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When  the  pressure  of  tbe  atmosphere  iDcreases,  the  air  in  the  upjter 
partoftbe  tube  is  compressed,  and  the  fluid  rises;  when  it  diminishes, 
the  fluid  falls.  The  instrument  is  graduated  by  compariaoD  with  a 
mercurial  barometer.  The  intervals  coireaponding  to  inches  of  mei- 
curial  pressure  are  much  longer  than  inches,  and  are  of  unequal 
length,  becoming  shorter  as  we  ascend  on  the  tuba  To  obviate  error 
from  the  increased  pressure  of  the  inclosed  air  when  its  temperature 
ia  raised,  a  thermometer  and  sliding  scale  are  added  to  the  instru- 
ment, so  that  it  may  be  adjusted  for  temperature  at  each  observation. 
The  eyiDpiesometer  ia  very  quick  in  its  indications,  and  from  its 
portability  is  well  adapted  for  being  used  at  sea,  but  it  is  not  suited 
for  exact  observation. 

As  originally  made  it  was  liable  to  gradual  change,  &om  absorption 
of  the  hydrogen  by  the  oil  of  almonda  In  the  present  oonstruction 
absorption  is  less  liable  to  occur,  at  least  if  the  glycerine  be  of  the 
proper  consistency. 

109.  Aneroid  Barometer  (a,  riipot). — This  barometer  depends  upon 


Fig.  11 


the  changes  in  the  form  of  a  thin  metallic  vessel,  partially  exhausted 
of  Eur,  as  the  atmospheric  pressure  variea  M.  Vidie  was  the  first  to 
overcome  the  numerous  difliculties  which  were  presented  in  the  con- 
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struction  of  these  instruments.    We  subjoin  a  figure  of  the  model 
which  he  finally  adopted. 

The  essential  part  is  a  cylindrical  box  partially  exhausted  of  air, 
the  upper  surface  of  which  is  corrugated  in  order  to  make  it  yield 
more  easily  to  external  pressure.  At  the  centre  of  the  top  of  the 
box  is  a  small  metallic  pillar  M,  which  a<;t8  upon  a  powerful  steel 
spring  R  As  the  pressure  varies,  the  top  of  the  box  rises  or  falls, 
transmitting  its  movement  to  the  spring,  and  thence,  by  means  of 
two  levers  I  and  m,  to  a  metallic  axis  r.  This  latter  carries  a  third 
lever  t,  the  extremity  of  which  is  attached  to  a  chain  s  which  turns 
a  drum,  the  axis  of  which  bears  the  index  needle.  A  spiral  spring 
keeps  the  chain  constantly  stretched,  and  thus  makes  the  needle 
always  take  a  position  corresponding  to  the  shape  of  the  box  at  the 
time.  The  graduation  is  performed  empirically  by  comparison  with 
a  mercurial  barometer.  The  aneroid  barometer  is  very  sensitive,  and 
is  much  more  portable  than  any  form  of  mercurial  barometer,  being 
both  lighter  and  less  liable  to  injury.  It  is  sometimes  made  small 
enough  for  the  waistcoat  pocket  It  has  the  drawback  of  being 
atfected  by  temperature  to  an  extent  which  must  be  determined  for 
each  instrument  separately,  and  of  being  liable  to  gradual  changes 
which  can  only  be  checked  by  occasional  comparison  with  a  good 
mercurial  barometer. 

In  the  metallic  barometer,  which  is  a  modification  of  the  aneroid, 
the  exhausted  box  is  crescent-shaped,  and  the  horns  of  the  crescent 
separate  or  approach  according  as  the  external  pressure  diminishes 
or  increases. 

110.  Old  Forms  Revived. — There  are  two  ingenious  modifications  of 
the  form  of  the  barometer,  which,  after  long  neglect,  have  recently 
been  revived  for  special  purposes. 

Counterpoised  Barometer, — The  invention  of  this  instrument  is 
attributed  to  Samuel  Morland,  who  constructed  it  about  the  year 
1680.  It  depends  upon  the  following  principle: — If  the  barometric 
tube  is  suspended  from  one  of  the  scales  of  a  balance,  there  will  be 
required  to  balance  it  in  the  other  scale  a  weight  equal  to  the  weight 
of  the  tube  and  the  mercury  contained  in  it,  minus  the  upward 
pressure  of  the  liquid  against  the  bottom  of  the  tube  and  its  contents.^ 

^  It  may  be  shown  that  if  a  be  the  (axmular)  area  of  a  section  of  the  tube  itself,  and  A 
the  area  of  the  inclosed  space  (which  is  filled  with  mercury),  the  resultant  force  to  which 
the  tube  is  subjected  from  atmospheric  and  liquid  pressure  combined  is  a  downward  force 

VA-pa, 


COUKTERPOISED  BAROMETER.  159 

If  the  atmospheric  pressure  increases,  the  mercury  will  rise  in  the 
tube,  and  consequently  the  weight  of  the  floating  body  will  increase, 
while  the  upward  pressure  will  be  slightly  diminished  on  account  of 
the  sinking  of  the  mer- 
cury in  the  cistern.  The 
beam  will  thus  incline 
to  the  side  of  the  baro- 
metric tube,  and  the 
reverse  would  be  the 
case  if  the  pressure  dim- 
inished. For  the  balance 
may  be  substituted,  as 
in  the  figure,  a  lever 
canyiug  a  counterpoise ; 
the  variations  of  pres- 
sure will  be  indicated 
by  the  movements  of 
this  lever. 

Such  an  instrument 
may  very  well  be  used 
as  a  barogixtpk  or  re- 
cording barometer;  for 
this  purpose  we  have 
only  to  attach   to  the 

lever  an   arm    with   a  Fig.  120.— conntupoiHii  Buom«Mr. 

pencil,  which  is  con- 
stantly in  contact  with  a  sheet  of  paper  moved  uniformly  by  clock- 
work. The  result  will  be  a  continuous  trace,  whose  form  corresponds 
to  the  variations  of  pressure.  It  is  very  easy  to  determine,  either  by 
calculation  or  by  comparison  with  a  standard  barometer,  the  pres- 
sure corresponding  to  a  given  position  of  the  pencil  on  the  paper; 

V  deODtiiig  »tmi»pheric  preuure,  and  p  the  fluid  prceaure  due  to  the  depth  of  iromeraioii 
(eiduure  of  the  trtuuiaitted  fttmospheric  pressure).  This  reeultiint  force  together  with  the 
weight  of  the  tube  muat  be  equal  to  the  aupporting  force  &t  the  point  of  Bugpeasioa.  If  the 
ktlerbeix>astuit,PA-pii  must  beconatiuit,  &ud  the  changes  in  F  and  p  must  be  invenelj 
u  the  ueas  Aond  a.  If  theae  aieas  areequaJ  Pand  p  will  be  equal;  that  is,  the  tube  vill 
descend  through  the  lama  diitimce  as  the  mercury  in  a  common  barometer  would  rise;  and 
if  A  is  greater  than  a,  the  movement  will  be  proportionately  magnified.  For  great  senei- 
tiTeneas,  thereFore,  the  tube  should  be  large  and  thin. 

We  have  here  neglected  the  changes  of  level  in  the  mercury  in  which  the  tube  is  im- 
mencd.     These  changes  tend  to  iocrease  the  distance  moved  by  the  tube,  and  mart  be 
ta  as  above  calculated. 
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thus,  if  the  paper  is  ruled  with  twenty-four  equidistant  lines,  corre- 
sponding to  the  twenty-four  hours  of  the  day,  we  can  see  at  a  glance 
what  was  the  pressure  at  any  given  time.  An  arrangement  of  this 
kind  has  heen  adopted  by  the  Abb^  Secchi  for  the  meteorograph  of 
the  observatory  at  Rome.  It  has  also  been  successfully  employed  at 
the  Liverpool  Exchange. 

Fahrenheit's  Barometer. — Fahrenheit's  barometer  consists  of  a  tube 
bent  several  times,  the  lower  portions  of 
which  contain  mercury;  the  upper  por- 
tions are  filled  with  water,  or  any  other 
liquid,  usually  coloured.     It  is  evident 
tliat  the  atmospheric  pressure  is  balanced 
by  the  sum  of  the  difierences  of  level  of 
the  columns  of  mercury,  diminished  by 
the  sum  of  the  corresponding  differences 
for  the  columns  of  water;  whence  it  fol- 
lows that,  by  employing  a  considerable 
number  of  tubes,  we  may  greatly  reduce 
the  height  of  the   barometric  column. 
Ffa  i!i— FahnoiuifiBuamaur       '^^^   circumstauce  renders   the   instru- 
ment interesting  as  a  scientific  curiosity, 
but  at  the  same  time  diminishes  its  sensitiveness,  and  rendeiB  it  unfit 
for  purposes  of  precision.     It  is  therefore  never  used  for  the  measure- 
ment of  atmospheric  pressure;  but  an  instrument  upon  the  same 
principle  has  recently  been  employed  for  the  measurement  of  very 
high  pressures,  as  will  be  explained  in  Chap.  xiv. 

110a.  Fbotog^phio  fi«giBtnition. — Since  the  year  1847  various 
meteorolo^cal  instruments  at  the  Boyal  Observatory,  Greenwich, 
have  been  made  to  yield  continuous  traces  of  their  indications  by  the 
aid  of  photography,  and  the  method  is  now  generally  employed  at 
meteorological  observatories  in  this  country.  The  Greenwich  system 
is  fully  described  in  the  Oreenwich  Magnetical  and  Meteorological 
Observationa  for  1847,  pp.  Ixiii.-xc  (published  in  1849). 

The  general  principle  adopted  for  all  the  instruments  is  the  same. 
The  photographic  paper  is  wrapped  round  a  glass  cylinder,  and  the 
axis  of  the  cylinder  is  made  parallel  to  the  direction  of  the  move- 
ment which  is  to  be  registered.  The  cylinder  is  turned  by  clockwork, 
■with  uniform  velocity.  The  spot  of  light  (for  the  magnets  and 
barometer),  or  the  boundary  of  the  Hue  of  light  (for  the  thermometers), 
moves,  with  the  movements  which  are  to  be  registered,  backwards 
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and  forwards  in  the  direction  of  the  axis  of  the  cylinder,  while  the 
cylinder  itself  is  turned  round.  Consequently  (as  in  Morin's  machine. 
Chap,  v.),  when  the  paper  is  unwrapped  from  its  cylindrical  form, 
there  is  traced  upon  it  a  curve  of  which  the  abscissa  is  proportional 
to  the  time,  while  tlie  ordinate  is  proportional  to  the  movement  which 
is  the  subject  of  measure. 

The  barometer  employed  in  connection  with  this  system  is  a  large 
siphon  barometer,  the  bore  of  the  upper  and  lower  extremities  of  its 
arms  being  about  I'l  inch.  A  glass  float  in  the  quicksilver  of  the 
lower  extremity  is  partially  supported  by  a  counterpoise  acting  on  a 
light  lever  (which  turns  on  delicate  pivots),  so  that  the  wire  support- 
ing the  float  is  constantly  stretched,  leaving  a  definite  part  of  the 
weight  of  the  float  to  be  supported  by  the  quicksilver.  This  lever  is 
lengthened  to  carry  a  vertical  plate  of  opaque  mica  with  a  small  aper- 
ture, whose  distance  &om  the  fulcrum  is  eight  times  the  distance  of 
the  point  of  attachment  of  the  float-wire,  and  whose  movement, 
therefore  (§  108),  is  four  times  the  movement  of  the  column  of  a  cistern 
barometer.  Through  this  hole  the  light  of  a  lamp,  collected  by  a 
cylindrical  lens,  shines  upon  the  photographic  paper. 

Every  part  of  the  cylinder,  except  that  on  which  the  spot  of  light 
falls,  is  covered  with  a  case  of  blackened  zinc,  having  a.  slit  parallel 
to  the  axis  of  the  cylinder;  and  by  means  of  a  second  lamp  shining 
through  a  small  fixed  aperture,  and  a  second  cylindrical  lens,  a  base 
line  is  traced  upon  the  paper,  which  serves  for  reference  in  subsequent 
measurements. 

The  whole  apparatus,  or  any  other  apparatus  which  serves  to  give 
a  continuous  trace  of  barometric  indications,  is  called  a  barograph; 
and  the  names  thermograph,  magnetograph,  anemograph,  &c.,  are 
similarly  applied  to  other  instruments  for  automatic  registration. 

u 


CHAPTER    XIII. 


VARUTIONS  OF  THE  BAROMETER. 


111.  MeaBurement  of  Heights  by  the  Barometer. — ^As  the  height  of 
th^  barometric  column  diminishes  when  we  ascend  in  the  atmosphere, 
it  is  natural  to  seek  in  this  phenomenon  a  means  of  measuring  heights. 
The  problem  would  be  extremely  simple,  if  the  air  had  everywhere 
the  same  density  as  at  the  surface  of  the  earth.  In  fact,  the  density 
of  the  air  at  sea-level  being  about  10,600  times  less  than  that  of 
mercury,  it  follows  that,  on  the  hypothesis  of  uniform  density,  the 
mercurial  column  would  fall  an  inch  for  every  10,500  inches^  or  875 
feet,  that  we  ascend.  This  result,  however,  is  jGa-r  from  being  in 
exact  accordance  with  fact,  inasmuch  as  the  density  of  the  ^r 
diminishes  very  rapidly  as  we  ascend,  on  account  of  its  great  com- 
pressibility. 

111a.  Height  of  HomogeneouB  Atmosphere. — If  the  atmosphere  were 
of  uniform  and  constant  density,  its  height  would  be  approximately 
obtained  by  multiplying  30  inches  by  10,500,  which  gives  26,250 
feet,  or  about  5  miles. 

More  accurately,  if  we  denote  by  H  the  height  of  the  atmosphere 
at  a  given  time  and  place,  on  the  assumption  that  the  density 
throughout  is  the  same  as  the  observed  density  D  at  the  base,  and  if 
we  denote  by  P  the  observed  pressure  at  the  base,  expressed  in 
absolute  units  of  force  per  unife  area  (§  107,  6),  then  since  the 
pressure  P  must  be  equal  to  the  weight  of  a  column  of  volume  H  and 
of  mass  HD,  we  have 

P  =  ^  HD        H  =  _?-  (^)  ' 

The  height  H,  computed  on  this  imaginary  assumption,  is  called  the 
height  of  the  homogeneous  atmoapherey  corresponding  to  the  pressure 
P,  density  D,  and  intensity  of  gravity  g,  and  is  frequently  introduced 
in  physical  formulae. 
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The  expression  for  H  shows  that  its  value  is  not  affected  if  P  and 
D  vary  in  the  same  ratio,  as  is  the  case  in  barometric  fluctuations 
when  the  temperature  is  constant ;  but  that  increase  of  temperature 
and  increase  of  moisture  increase  H,  since  warm  air  and  moist  air  are 
le^  dense  than  cold  and  dry  air  at  the  same  pressure. 

It  is  not  necessary  that  the  height  H  should  be  reckoned  from  the 
surface  of  the  earth.  It  may  be  reckoned  upwards  from  any  point  in 
the  atmosphere,  and  denotes  the  height  which  the  air  above  this  point 
would  have,  if  reduced  to  the  density  D  which  exists  at  the  point. 

Neglecting  differences  of  temperature  and  moisture,  and  the  trifling 
diminution  of  gravity  as  we  ascend,  the  value  of  H  is  the  same  for 
all  points  in  the  same  vertical  column,  because,  as  we  ascend,  P  and  D 
diminish  in  the  same  ratio. 

112.  Principles  of  Hypsometry. — Supposing  the  temperature,  mois- 
ture, and  intensity  of  gravity  to  be  uniform  in 
a  vertical  column  of  air,  it  is  easy  to  state  the 
law  according  to  which  the  pressin-e  would 
diminish  as  we  ascend.  Consider,  for  example, 
three  layers  of  equal  thickness,  which  is  so 
small  that  we  may  regard  the  density  as  con- 
stant within  the  limits  of  each  layer,  though 
varying  from  each  layer  to  the  next.  Let 
D,  D',  D''  be  their  densities,  and  P,  F,  F'  the 
pressures  at  their  lower  faces,  the  weights  of 
the  two  lower  layers  are  P— F  and  F— F',  '** 

and  these  must  be  proportional  to  their  densities ;  hence  we  have 

P-P^  =  P 
P'  -  P"      jy' 

DP  P  —  P*     P 

but  by  Boyle's  law  p'=p>;  co^equently  we  have  p/^7p»=p>,  whence 
it  easily  follows  that  ^  =  ^;  that  is  to  say,  the  ratio  of  the  density  of 

the  first  layer  to  that  of  the  second,  is  the  same  as  of  the  second  to 
the  third.  Applying  this  principle  to  any  number  of  consecutive 
layers  of  equal  thickness,  we  see  that  the  ratio  of  the  "density  of  each 
to  that  of  the  next  will  be  the  same  for  the  whole  series.  It  follows 
that,  08  the  heights  increase  in  arithmetical  progression,  the  pres- 
sures diminish  in  geometrical  progression. 
This  proposition  may  be  put  into  the  algebraical  form: 

«a-aJi=Hlog— 1-, 

"a 


D' 

V 

D' 

P' 

D 

P 
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where  aji,  0C2  are  the  heights  of  two  stations  above  a  fixed  level, 
Pi,  Pj  the  pressures  at  the  two  stations,  and  H  some  constant  The 
proof  given  in  the  note^  shows,  that  if  the  logarithms  are  Napierian, 
H  is  equal  to  the  height  of  the  homogeneous  atmosphere.  If  the 
logarithms  be  of  the  common  kind,  H  is  equal  to  the  height  of  the 
homogeneous  atmosphere  multiplied  by  2*3026,  the  value  of  which 
product  for  the  latitude  of  Great  Britain,  and  for  the  temperature  of 
freezing  water,  is  about  60,360  feet. 

This  formula  has  been  deduced  on  the  supposition  that  the  tem- 
perature and  the  intensity  of  gravity  are  uniform  through  the  whole 
extent  of  the  air  between  the  two  stations.  If  these  two  elements 
vary,  they  cause  the  value  of  H  to  vary ;  and  it  would  be  necessary 
for  accuracy  to  employ  in  the  formula  the  mean  value  of  H  for  the 
stratum  of  air  which  intervenes  between  the  two  stations.  The 
variation  in  the  intensity  of  gravity  is  usually  insignificant,  and  it  is 
customary  to  assume  as  the  mean  temperature,  the  arithmetical  mean 
of  the  temperatures  ^1  and  t^  of  the  two  stations.  On  these  assump- 
tions the  value  of  H,  if  the  temperatures  be  expressed  in  degrees 
Fahrenheit,  will  (by  the  law  of  expansion  of  air,  Chap.  xxiiL)  be 

60,360  (1  +  '-^^^). 

It  is  proved  in  treatises  on  logarithms  that  if  jr-  be  but  little 
greater  than  unity, 

Nap.  log  1^  =  2  JltJ^  nearly; 

and  since  the  height  of  the  homogeneous  atmosphere  at  freezing 
temperature  in  these  latitudes  is  about  26,214  feet,  we  obtain  the 
formula — 

Diflference  of  level  in  feet=62428  ^»  -^»  (l  +  *l±ll^), 

Pi+Pj   \  986       ' 

which  may  be  used  for  differences  of  level  not  exceeding  about  3000 
feet. 

^  Let  X  denote  distance  measuied  upwards  from  a  fixed  level,  then,  using  the  notation 
of  §  111a,  the  pressure  due  to  the  weight  of  a  layer  of  thickness  dxis  gD  dx;  but  this  is  the 
amount  by  which  the  pressure  diminishes  as  x  is  increased  by  the  amoupt  dx;  we  have 
therefore 

p 
-dV  —  g  D  dx  =  -^dx, 

XL 
p 

since  by  §  111a,   g  D  =  -.,       We  have  therefore 

li 

p~  ~  H'  "^^^^^  log  Pi  -  log  P,  =  -^^^, 
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The  determination  of  heights  by  means  of  atmospheric  pressure, 
whether  the  pressure  be  observed  directly  by  the  barometer  or  in 
directly  by  the   boiliDg-point  thermometer   (see   Chap.   xxvL),   is 
called  hypsometry  (hyf/o^,  height). 

As  a  rough  rule,  it  may  be  stated  that,  in  ordinary  circumstances, 
the  barometer  falls  an  inch  in  ascending  900  feet. 

113.  Diurnal  Oscillation  of  the  Barometer. — In  these  latitudes,  the 
mercurial  column  is  in  a  continual  state  of  irregular  oscillation ;  but  in 
the  tropics  it  rises  and  falls  with  great  regularity  according  to  the 
hour  of  the  day,  attaining  two  maxima  in  the  twenty-four  hours. 

It  generally  rises  from  4  AM.  to  10  A.M.,  when  it  attains  its  first 
maximum ;  it  then  falls  till  4  P.M.,  when  it  attains  its  first  minimum; 
a  second  maximum  is  observed  at  10  P.M.,  and  a  second  minimum  at 
4  AM.  The  hours  of  maxima  and  minima  are  called  the  tropical 
hours  (rpeiriii,  to  turn),  and  vary  a  little  with  the  season  of  the  year. 
The  difiTerence  between  the  highest  maximum  and  lowest  minimum 
is  called  the  diurnal^  range,  and  the  half  of  this  is  called  the  ampli- 
tude of  the  diurnal  oscillation.  The  amount  of  the  former  does  not 
exceed  about  a  tenth  of  an  inch. 

The  character  of  this  diurnal  oscillation  is  represented  in  Fig.  123. 
The  vertical  lines  correspond  to  the  hours  of  the  day;  lengths  have 
been  measured  upwards  upon  them  proportional  to  the  barometric 
heights  at  the  respective  hours,  diminished  by  a  constant  quantity; 
and  the  points  thus  determined  have  been  connected  by  a  continuous 
curve.  It  will  be  observed  that  the  two  lower  curves,  one  of  which 
relates  to  Cumana,  a  town  of  Venezuela,  situated  in  about  10°  north 
latitude,  show  strongly  marked  oscillations  corresponding  to  the 
maxima  and  minima.  In  our  own  country  the  regular  diurnal  oscil- 
lation is  marked  by  irregular  fluctuations,  so  that  a  single  day's 
observations  give  no  clue  to  its  existence.  Nevertheless,  on  taking 
observations  at  regular  hours  for  a  number  of  consecutive  days,  and 
comparing  the  mean  heights  for  the  difi*erent  hours,  some  indications 
of  the  law  will  be  found.     A  month's  observations  will  be  sufficient 

^  The  epithets  annual  and  diurnal,  when  prefixed  to  the  words  variation,  raaige,  ampli- 
twUy  denote  the  period  of  the  variation  in  question;  that  is,  the  time  of  a  complete  oscilla- 
tion. Diurnal  variation  does  not  denote  variation  from  one  day  to  another,  but  the  varia- 
tion  which  goes  through  its  cjcle  of  values  in  one  day  of  twenty- four  hours.  Annual 
range  denotes  the  range  that  occurs  within  a  year.  This  rule  is  universally  observed  by 
writers  of  high  scientific  authority. 

A  table,  exhibiting  the  values  of  an  element  for  each  month  in  the  year,  is  a  table  of 
annual  (not  monthly)  variation ;  or  it  may  be  more  particularly  described  as  a  table  of 
variations  from  month  to  month. 
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for  an  approximate  indication  of  the  law ;  but  observations,  extend- 
ing over  some  years,  will  be  required  to  establish  with  anything  like 

precision  the  hours  of  maxima  and  the  ampli- 
tude of  the  oscillation. 

The  two  upper  curves  represent  the  diurnal 
variation  of  the  barometer  at  Padua  (lat  45°  24') 
and  Abo  (lat  60**  56'),  the  data  having  been 
extracted  from  Kaemtz's  Meteorology.  We 
see,  by  inspection  of  the  figure,  that  the  oscil- 
lation in  question  becomes  less  strongly  marked 
tf   9  12  IB  18  21  24  ^s  the  latitude  increases.     The  range  at  Abo  is 

curre.  of  dS  viiation.     ^^  *^^^  ^^^  *  millimetre.     At  about  the  70th 

degree  of  north  latitude  it  becomes  insensible; 
and  in  approaching  still  nearer  to  the  pole,  it  appears  from  observar 
tions,  which  however  need  further  confirmation,  that  the  oscillation 
is  reversed ;  that  is  to  say,  that  the  maxima  here  are  contemporane- 
ous with  the  minima  in  lower  latitudes. 

There  can  be  little  doubt  that  the  diurnal  oscillation  of  the 
barometer  is  in  some  way  attributable  to  the  heat  received  from  the 
sun,  which  produces  expansion  of  the  air,  both  directly,  as  a  mere 
consequence  of  heating,  and  indirectly,  by  promoting  evaporation, 
and  thus  increasing  the  volume  of  the  air  (as  well  as  diminishing  its 
sp.  gravity)  by  the  addition  of  aqueous  vapour.  The  precise  nature 
of  the  connection  between  this  cause  and  the  diurnal  barometric 
oscillation  has  not,  however,  as  yet  been  satisfactorily  established. 

114.  Irregular  Variations  of  the  Barometer. — The  height  of  the  baro- 
meter, at  least  in  the  temperate  zones,  depends  on  the  state  of  the 
atmosphere,  and  its  variations  often  serve  to  predict  the  changes  of 
weather  with  more  or  less  certainty.  In  this  country  the  barometer 
generally  falls  for  rain  or  S.W.  wind,  and  rises  for  fine  weather  ot 
N.R  wind. 

Barometers  for  popular  use  have  generally  the  words — 


Set  fair. 

Fair. 

Change. 

Rain. 

Much  rain. 

Stoimy. 

30-5 

80 

29-5 

29 

28-5 

2S  inches. 

marked  at  the  respective  heights.  These  words  must  not,  however, 
be  understood  as  absolute  predictions.  A  low  barometer  rising  is 
generally  a  sign  of  fine,  and  a  high  barometer  falling  of  wet  weather. 
Moreover,  it  is  to  be  borne  in  mind  that  tbe  barometer  stands  about 
a  tenth  of  an  inch  lower  for  every  hundred  feet  that  we  ascend  above 
sea-leveL 
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The  connection  between  a  low  or  falling  barometer  and  wet  wea- 
ther is  to  be  found  in  the  fact  that  moist  air  is  specifically  lighter 
than  dry,  even  at  the  same  temperature,  and  still  more  when,  as 
usually  happens,  moist  air  is  warmer  than  dry. 

115.  Inverse  March  of  Barometer  and  Thermometer. — It  is  impossible 
to  lay  down  universal  rulesfor  the  connection  between  the  indications  of 
the  barometer  and  the  state  of  the  weather,  since  rules  which  would 
usually  hold  true  in  one  place  might  be  quite  inapplicable  at  another. 
We  may,  however,  state  a  principle  which  is  of  very  extensive  applica- 
tion, namely,  that  warm  winds,  especially  when  they  have  passed  over 
considerable  masses  of  water,  are  likely  to  be  accompanied  by  rain ; 
for  they  are  charged  with  vapour  which  is  liable  to  be  condensed  as 
its  temperature  falls.  Cold  winds,  on  the  contrary,  contain  vapour 
which  was  taken  up  at  a  lower  temperature  than  it  now  has,  and  is 
therefore  far  from  a  state  of  saturation.  They  are  therefore  unlikely 
to  produce  rain  unless  it  be  when  they  first  b^gin  to  blow,  when  they 
may  condense  vapour  previously  existing  in  the  air. 

These  characteristics  are  very  marked  in  our  own  country,  where 
the  warm  winds  firom  the  south-west  have  passed  over  the  Atlantic, 
while  the  cold  winds  from  the  north-east  have  for  the  most  part 
traversed  dry  land. 

Again,  the  march  of  the  barometer  is  in  general  opposite  to  that 
of  the  thermometer;  that  is  to  say,  the  barometer  usually  falls  when 
the  ikermometer  rises,  and  vice  versd.  This  law  is  one  of  the  most 
general  in  meteorology,  and  is  easily  explained ;  in  fact,  when  the 
temperature  rises  at  any  place,  it  pro- 
duces a  dilatation  of  the  air,  and  conse- 
quently an  overflow  into  neighbouring 
regions ;  the  weight  of  air  over  the  place 
is  thus  diminished.  On  the  contrary,  a 
fell  of  temperature  produces  an  inflow 
of  air  and  an  increase  of  pressure. 

It  is  therefore  to  be  expected  that 
the  mean  barometric  height  should  be 
lower  during  warm  and  rainy  winds 
than  during  cold  and  dry  winds ;  and 
that  this  is  the  case  is  rendered  ex- 
tremely evident  by  the  annexed  figure,  which  represents  the  mean 
harometric  rose  of  the  winds  at  Paris.  Upon  each  of  the  eight  lines 
which  represent  the  principal  directions  of  the  wind,  have  been  laid 


Fig.  124. 
Barometric  Rose  of  Windi  at  Paris. 
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off  lengths  proportional  to  the  corresponding  barometric  pressures 
diminished  by  a  constant  The  figure  shows  a  very  sudden  increase 
in  passing  from  S.W.  to  W.  It  is,  in  fact^  during  the  change  of  the 
wind  from  one  of  these  quarters  to  the  other,  that  the  greatest  atmo- 
spheric perturbations  occur. 

116,  Synoptic  Weather  Charts.  Isobario  Lines. — The  extension  of 
telegraphic  communication  over  Europe  has  led  to  the  establishment 
of  a  system  of  correspondence  by  which  the  barometric  pressures,  at  a 
given  moment,  at  a  number  of  stations  which  have  been  selected  for 
meteorological  observation,  are  known  at  one  or  more  stations  ap- 
pointed for  receiving  the  reports.  From  the  information  thus  fur- 
nished, curves  (called  isobaric  lines)  are  drawn  upon  a  chart  thix)ugh 
those  places  at  which  the  pressure  is  the  same.  The  barometric 
condition  of  an  extensive  region  is  thus  rendered  intelligible  at  a 
glance.  Plate  I.  is  a  specimen  of  these  synoptic  charts,^  which  are 
prepared  every  day  at  the  observatory  of  Paris ;  it  refers  to  the  22d 
of  January,  1868.  Besides  the  isobaric  lines,  these  charts  indicate, 
by  the  system  of  notation  explained  at  the  left  of  the  figure,  the 
general  state  of  the  weather,  the  strength  of  wind,  and  state  of  the 
sea.  The  isobaric  curves  correspond  to  differences  of  five  millimetres 
(about  0'2  inch)  of  pressure,  and  according  as  they  are  near  together, 
or  far  apart,  the  variation  of  pressure  in  passing  from  one  to  another 
is  more  or  less  sudden  (or  to  use  a  very  expressive  modern  phrase, 
the  barometric  gradient  is  more  or  less  steep),  just  as  the  contour 
lines  on  a  map  of  hilly  ground  approach  each  other  most  nearly 
where  the  ground  is  steepest  Generally  speaking,  the  wind  blows 
from  regions  of  high  to  regions  of  low  barometer,  and  with  greater 
force  as  the  barometric  gradient  is  steeper. 

The  isobaric  lines  frequently,  as  in  the  example  here  selected,  form 
closed  curves  encircling  a  region  of  barometric  depression.  Two  such 
centres  are  here  exhibited — one  in  the  south  of  England  and  the 
other  in  the  west  of  Russia.  Such  centres  of  depression  always 
accompany  great  atmospheric  disturbances.    The  air,  in  fact,  rushes 

^  The  curves  drawn  upon  this  ch&rt  ore  isobaric  lines,  each  corresponding  to  a  particular 
barometric  pressure,  which  is  indicated  by  the  numerals  marked  against  it.  These  denote 
the  pressure  in  millimetres  diminished  by  700.  For  example,  the  line  which  passes  through 
the  south  of  Spain  corresponds  to  the  pressure  770  miUimetres ;  that  through  the  north  of 
Spain  to  765  millimetres.  The  curves  are  drawn  for  every  fifth  millimetre.  The  smaller 
numerals,  which  are  given  to  one  place  of  decimals,  indicate  the  pressures  actually  observed 
at  the  different  stations,  from  which  the  isobaric  Hues  are  drawn  by  estimation. 

The  other  symbols  refer  to  cloud,  wind,  and  sea,  and  are  explained  at  the  left  of  the 
chart. 
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in  from  all  sides,  usually  with  a  spiral  motion,  towards  these  centres 
of  depression,  the  direction  of  rotation  in  the  spiral  being,  for  the 
northern  hemisphere,  opposite  to  the  motion  of  the  hands  of  a  watch 
with  its  face  upwards.  The  centrifugal  force  due  to  this  rotation 
tends  to  increase  the  central  depression,  and  thus  protracts  the  dura- 
tion of  the  phenomenon. 

These  revolving  storms  are  called  cyclones.  They  attain  their 
greatest  violence  in  tropical  regions,  the  West  Indies  being  especially 
noted  for  their  destructive  effect  They  frequently  proceed  from  the 
Gulf  of  Mexico  in  a  north-easterly  direction,  increasing  in  diameter 
as  they  proceed,  but  diminishing  in  violence.  Their  velocity  of 
translation  is  usually  from  ten  to  twenty  miles  an  hour. 

The  storm-warnings  inaugurated  by  the  late  Admiral  Fitzroy  are 
based  partly  upon  information  received  by  telegraph  of  storms  that 
have  actually  commenced  at  some  distant  locality,  and  partly  upon 
a  comparison  of  barometric  pressures  at  different  localities.^ 

*  For  fuller  information  respecting  the  laws  of  storms,  wliicli  is  a  purely  modem-  subject, 
and  is  continually  receiving  fresh  developments,  we  would  refer  to  Mr.  Buchan's  Handy 
Booh  of  Meteorology, 


CHAPTEE    XIV. 


BOYLE'S   (or  MARIOTTE's)   LAW.^ 


117.  Boyle's  Law. — As  gases  are  composed  of  molecules  in  a  state 
of  permanent  repulsion,  they  may  be  compared  to  springs  constantly 
bent,  and  making  constant  efforts  to  free  themselves.  The- amount 
of  pressure  which  they  exert  against  the  sides  of  the  vessels  which 
contain  them,  depends  upon  the  volume  which  they  occupy,  increasing 
as  this  volume  diminishes.  By  a  number  of  careful  experiments 
upon  this  point,  Boyle  and  Mariotte  independently  established  the 
law  that  this  volume  varies  inversely  as  the  pressure,  provided  that 
the  temperature  remain  constant  As  the  density  evidently  varies 
inversely  as  the  volume,  we  may  express  the  law  in  other  words  by 
saying  that  at  the  same  temperature  the  density  varies  directly  as 
the  pressura 

If  V  and  V  be  the  volumes  of  the  same  quantity  of  gas,  P  and  K, 
D  and  D',  the  corresponding  pressures  and  densities,  Boyle's  law  will 
be  expressed  by  the  equations 

118.  Mariotte's  Tube. — The  correctness  of  this  law  may  be  verified 
by  means  of  the  following  apparatus,  which  was  employed  by  both 
the  experimenters  above  named.  It  consists  (Fig.  125)  of  a  bent 
tube  with  branches  of  unequal  length;  the  long  branch  is  open,  and  the 

^  Boyle,  in  his  Defence  of  the  Doctrine  torching  the  Spring  and  Weight  of  the  Air  agatiut 
the  Objections  of  Franciscua  Linus,  appended  to  New  £xperiments,  Physico-mechanical,  &c. 
(second  edition,  4 to,  03cford,  1662),  describes  the  two  kinds  of  apparatus  represented  in 
Figs.  125,  126  as  having  been  employed  by  him,  and  gives  in  tabular  form  the  lengths  of 
tube  occupied  by  a  body  of  air  at  various  pressures.  These  observed  lengths  he  compares 
with  the  theoretical  lengths  computed  on  the  assumption  that  volume  varies  reciprocally 
as  pressure,  and  points  out  that  they  agree  within  the  limits  of  experimental  error. 

Mariotte's  treatise,  De  la  Nature  de  VAir,  is  stated  in  the  Biographic  Universdle  to  have 
been  published  in  1679.     (See  Preface  to  Tait's  ThermodynamicSf  p.  iv.) 
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short  branch  closed.  The  tube  is  fastened  to  a  board  provided  with 
two  scales;  one  by  the  side  of  the  long  branch,  divided  into  parts  of 
equal  length;  the  other  by  the  aide  of  the  short 
branch,  having  divisions  which  correspond  to  parts 
of  equal  volume.  The  graduation  of  both  scales 
begins  from  the  same  horizontal  line  through  0,  0. 
Mercury  is  first  poured  in  at  the  extremity  of  the 
long  branch,  and  by  inclining  the  apparatus  to  either 
side,  and  cautiously  adding  more  of  the  liquid  if  re- 
quired, the  mercury  can  be  made  to  stand  at  the 
^me  level  in  both  branches,  and  at  the  zero  of  both 
scales.  Thus  we  have,  in  the  short  branch,  a  quan- 
tity of  air  separated  from  the  external  air,  and  at 
the  same  pressure.  Mercury  is  then  poured  into  the 
long  branch,  so  as  to  reduce  the  volume  of  this  in- 
closed air  by  one-half;  it  will  then  be  found  that 
the  difference  of  level  of  the  mercury  in  the  two 
branches  is  equal  to  the  height  of  the  barometer  at 
the  time  of  the  experiment;  the  compressed  air 
therefore  exerts  a  pressure  equal  to  that  of  two 
atmospheres.  If  more  mercury  be  poured  in  so  as 
to  reduce  the  volume  of  the  air  to  one-third  or  one- 
fourth  of  the  original  volume,  it  will  be  found  that 
the  ditFerence  of  level  is  respectively  two  or  three 
times  the  height  of  the  barometer;  that  is,  tfiat  the 
compressed  air  exerts  a  pressure  equal  respectively 
to  that  of  three  or  four  atmospberea  This  experi- 
ment therefore  shows  that  if  the  volume  of  the  gas 
becomes  two,  three,  four  times  as  small,  the  pressure 
becomes  two,  three,  four  times  as  great.  This  is  the  iiHioiMi Tub«. 
principle  expressed  in  Boyle's  law. 

The  law  may  also  be  verified  in  the  case  where  the  gas  expands, 
and  where  its  pressure  consequently  diminishes.  For  this  purpose  a 
barometric  tube  (Fig.  1 26),  partially  filled  with  mercury,  is  inverted  in 
a  tall  vessel,  containing  mercury  also,  and  is  held  in  such  a  position 
that  the  level  of  the  liquid  is  the  same  in  the  tube  and  in  the  vessel. 
The  volume  occupied  by  the  gas  is  marked,  and  the  tube  is  raised; 
the  gas  expands,  its  pressure  diminishes,  and,  in  virtue  of  the  excess 
of  the  atmospheric  pressure,  a  column  of  mercury  ab  rises  in  the 
tube,  so  that  its  height,  added  to  the  pressure  of  the  expanded  air,  is 
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equal  to  the  atmospheric  pressure.     It  will  then  be  seen  that  if  the 
volume  of  air  becomes  double  what  it  was  before,  the  height  of  the 

column  raised  is  one-half  that  of  the  barometer; 
that  is,  the  expanded  air  exerts  a  pressure  equal 
to  half  that  of  the  atmosphere.  If  the  volume  is 
trebled,  the  height  of  the  column  is  two-thirds 
that  of  the  barometer ;  that  is,  the  pressure  of  the 
expanded  air  is  one-third  that  of  the  atmosphere, 
a  result  which  is  in  accordance  with  Boyle's  law. 
119.  Despretz's  Experiments. — ^The  simplicity  of 
Boyle's  law,  taken  in  conjunction  with  its  appar- 
ent agreement  with  facts,  led  to  its  general  accep- 
tance as  a  rigorous  truth  of  nature,  until  in  1825 
Despretz  published  an  account  of  experiments, 
showing  that  different  gases  are  unequally  com- 
pressible. He  inverted  in  a  cistern  of  mercury 
several  cylindrical  tubes  of  equal  height,  and  filled 
them  with  different  gases.  The  whole  apparatus 
was  then  inclosed  in  a  strong  glass  vessel  filled 
with  water,  and  having  a  screw -piston  as  in 
(Ersted*s  piesometer  (§  22).  On  pressure  being 
applied,  the  mercury  rose  to  unequal  heights  in 
the  different  tubes,  carbonic  acid  for  example 
being  more  reduced  in  volume  than  air.  These 
experiments  proved  that  though  Boyle's  law  might  possibly  be  true 
for  one  of  the  gases  employed,  it  could  not  be  rigorously  true  for 
more  than  one. 

In  1829  Dulong  and  Arago  undertook  a  laborious  series  of  experi- 
ments with  the  view  of  testing  the  accuracy  of  the  law  as  applied  to 
air;  and  the  results  which  they  obtained,  even  when  the  pressure  was 
increased  to  twenty-seven  atmospheres,  agreed  so  nearly  with  it  as 
to  confirm  them  in  the  conviction  that,  for  air  at  least,  it  was  rigor- 
ously true.  When  re-examined,  in  the  light  of  later  researches,  the 
results  obtained  by  Dulong  and  Arago  seem  to  point  to  a  different 
conclusion^ 

120.  Unequal  Compressibility  of  Different  Oases. — The  unequal  com- 
pressibility of  different  gases,  which  was  fii-st  established  by  Despretz'a 
experiments  above  described,  is  now  usually  exhibited  by  the  aid  of  the 
following  apparatus  designed  by  Pouillet  A  is  a  cast-iron  reservoir, 
containing  mercury  surmounted  by  oil     In  this  latter  liquid  dips  a 


Fig.  126.— Proof  of  Boyle's 
Law  for  Expanding  Air. 
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bronze  plunger  P,  the  upper  part  of  which  has  a  thread  cut  upon  it, 
and  works  in  a  nut,  so  that  the  plunger  can  be  screwed  up  or  down 
The  reservoir  A  communicates 
ler  cast-iron  vessel,  into  which 
es  T  T  about  six  feet  in  length 
emal  diameter,  very  carefully 
volumes  of  two  gaaea,  perfectly 
lese  tubes  through  their  upper 
tically  sealed.  The  plunger  is 
I.  gradually  increasing  pressure 
cupied  by  the  gases  are  mea- 
that  no  two  gases  follow  pre- 
ompression.  The  difference, 
hie  when  the  gases  employed 
oxygen,  hydrogen,  nitrogen, 
J,  But  when  we  compare  any 
ble  gas,  such  as  carbonic  acid, 
difference  is  rapidly  and  dis- 
,  under  a  pressure  of  twenty- 
acid  occupies  a  volume  which 
;d  by  air, 

121.  Be^aolt's  Experi- 
ments.— Boyle's  law,  there- 
fore, is  not  to  be  considered 
as  rigorously  exact ;  but  it  is 
certainly  a  very  close  ap- 
proximation to  the  truth, 
except  for  gases  near  their 
point  of  lique&ction.  In 
order  to  demonstrate  the  in- 
accuracy of  the  law  for  air, 
or  any  gas  that  is  not  Hque- 
^-^iM  fiable,  and  more  especially  if 

r^  it  is  required  to  determine 

\:^  the  law  of  deviation  for  each 

particular  gas,  it  is  necessary 
Li  to  employ  very  precise  me- 
thods of  measurement.  In 
ordinary  experiments  on  compression,  and  even  in  the  elaborate 
ioYestigations  of  Dulong  and  Arago,  a  definite  portion  of  gas  is  taken 
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and  successively  diminished  in  volume  by  the  application  of  con- 
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of  the  openings  is  fitted  the  lowest  of  a  series  of  glass  tubes  A,  which 
are  placed  end  to  end,  and  firmly  joined  to  each  other  by  metal 
fittings,  so  as  to  form  a  vertical  column  of  about  twenty-five  metres 
in  height 

The  height  of  the  mercurial  column  in  this  long  manometric  tube 
could  be  exactly  determined  by  means  of  reference  marks  placed  at 
distances  of  about  '95  of  a  metre,  and  by  the  graduation  on  the  tubes 
forming  the  upper  part  of  the  column.  The  mean  temperature  of  the 
mercurial  column  was  given  by  thermometers  placed  at  different 
heights.  Into  the  second  opening  in  the  cylinder  fits  the  lower 
extremity  of  the  tube  B,  which. is  divided  into  millimetres,  and  also 
gauged  with  great  accuracy.  This  tube  has  at  its  upper  end  a  stop- 
cock r  which  can  open  communication  with  the  reservoir  V,  into 
which  the  gas  to  be  operated  on  is  forced  and  compressed  by  means 
of  the  pump  P. 

An  outer  tube,  which  is  not  shown  in  the  figure,  envelops  the 
tube  B,  and,  being  kept  full  of  water,  which  is  continually  renewed, 
enables  the  operator  to  maintain  the  tube  at  a  temperature  sensibly 
constant,  which  is  indicated  by  a  very  delicate  thermometer.  Before 
fixing  the  tube  in  its  place,  the  point  corresponding  to  the  middle  of 
its  volume  is  carefully  ascertained,  and  after  the  tube  has  been  per- 
manently fixed,  the  distance  of  this  point  from  the  nearest  of  the 
reference  marks  is  observed.^ 

After  these  explanatory  rem&rks  we  may  describe  the  mode  of 
conducting  the  experimenta  The  gas  to  be  operated  on,  after  being 
first  thoroughly  dried,  is  introduced  at  the  upper  part  of  the  tube  B, 
the  stop-cock  of  the  pump  being  kept  open,  so  as  to  enable  the  gas 
to  expel  the  mercury  and  occupy  the  entire  length  of  the  tube.  The 
force-pump  is  then  brought  into  play,  and  the  gas  is  reduced  to  about 
half  of  its  former  volume;  the  pressure  in  both  cases  being  ascertained 
by  observing  the  height  of  the  mercury  in  the  long  tube  above  the 
nearest  mark.  It  is  important  to  remark  that  it  is  not  at  all  neces- 
sary to  operate  always  upon  exactly  the  same  initial  volume,  and 
reduce  it  exactly  to  one-half,  which  would  be  a  very  tedious  opera- 

^  Kegnault's  apparatus  waa  fixed  in  a  small  square  tower  of  about  fifteen  metres  in  height, 
forming  port  of  the  buildings  of  the  CoUdge  de  France,  and  which  had  formerly  been  built 
by  Savart  for  experiments  in  hydraulics.  The  tower  could  therefore  contain  only  the  lower 
part  of  the  manometric  column ;  the  upper  part  rose  above  the  platform  at  the  top  of  the 
tower,  resting  against  a  sort  of  mast  which  could  be  ascended  by  the  observer.  The  read- 
ings  inaide  the  tower  could  be  made  by  means  of  a  cathetometer,  but  this  was  impossible 
in  the  upper  portion  of  the  column,  and  for  this  reason  the  tubes  forming  this  portion  were 
graduated. — D, 
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tion ;  these  two  coDditions  are  approximately  fulfilled,  and  the  grar 
duation  of  the  tube  enables  the  observer  always  to  ascertain  the  actual 
volumea 

122.  Besults. — The  general  result  of  the  investigations  of  Regnault 
is,  that  Boyle's  law  does  not  exactly  represent  the  compressibility  of 
even  non-liquefiable  gases,  such  as  air,  hydrogen,  nitrogen,  which, 
with  carbonic  acid,  were  the  gases  operated  on  by  him.  But  the  re- 
sulting differences  are  so  small  that  they  would  not  be  detected  by 
a  mere  inspection  of  the  numbers  which  represent  volumes  and  pres- 
sures. They  may,  however,  be  clearly  exhibited  by  submitting  the 
results  to  the  following  test: — Suppose  we  take  a  certain  quantity 
of  gas  which,  under  the  pressure  P,  occupies  the  volume  V,  and  that 
we  reduce  it  to  a  volume  V,  when  the  pressure  becomes  K,  and,  if 
Boyle's  law  were  accurate,  we  should  have  the  equation 

^;  =1 ,  or  VP  =  VF 
VP 

Or,  in  another  form,  yTp  -1  =  0. 

Now  it  is  found  that  for  all  gases  except  hydrogen  this  difference, 
instead  of  being  always  zero,  is  constantly  positive,  and  has  not  only 
a  sensible  value,  but,  which  is  of  especial  importance,  it  increases  re- 
gularly with  the  pressure,  which  shows  that  it  cannot  be  attributed 
to  the  inevitable  errors  of  observation. 

If  we  measure  off  upon  any  line'  lengths  proportional  to  the  dif- 
ferent pressures,  and  raise  perpendiculars  proportional  to  the  differ- 

VP 

ences  y^  — 1,  by  joining  the  extremities  of  these  perpendiculars  by  a 

continuous  line  an  uninterrupted  curve  is  obtained,  which  evidently 
is  a  graphic  representation  of  the  departure  of  the  gas  in  question 
from  Boyle's  law.  These  curves  have  been  very  carefully  traced  bj'^ 
Regnault;  and  their  algebraic  equations  can  be  found  by  the  ordinary- 
methods  of  interpolation.  These  equations  are  employed  when  it  is 
required  to  calculate  rigorously  the  change  of  volume  corresponding 
to  a  very  high  pressure. 

VP 

Since  the  difference  yrp?  — 1  is  positive,  VP'  must  be  less  than  VP, 

and  consequently  the  volume  V  corresponding  to  the  pressure  F  is 
less  than  that  given  by  Boyle's  law.  We  thus  see  that,  in  general, 
gases  are  more  compressible  than  Boyle's  law  would  indicate;  and  in 
the  case  of  gases  that  are  liquefiable,  this  difference  of  compressibility 
is,  as  we  have  said,  considerable. 
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In  this  respect  hydrogen  is  a  remarkable  exception,  as  was  origi- 
nally shown  by  Despretz  in  the  experiments  which  we  have  men- 
tioned; it  is  less  compressible  than  it  should  be  by  Boyle's  law,  the 

difference  ;^—  _  i  being  negative. 

This  singular  peculiarity  of  hydrogen  is  quite  in  harmony  with 
the  views  which  are  entertained  as  to  the  nature  of  this  gas.  It 
has  been  observed,  from  several  comparative  experiments  per- 
formed upon  carbonic  acid,  that  at  the  temperature  of  100°  Cent,  the 
law  of  compressibility  of  this  gas  differs  from  Boyle's  law  much 
less  than  at  ordinary  temperatures  We  may  thus  fairly  suppose 
that  if  we  were  to  operate  at  a  still  higher  temperature,  we  should 
approach  still  more  nearly  to  the  law,  which  would  doubtless  be 
verified  at  a  particular  temperature,  beyond  which  the  error  would 
be  in  the  opposite  direction.  It  would  thus  appear  that  for  each  gas 
there  is  a  sort  of  normal  temperature,  at  which  the  compressibility  is 
exactly  represented  by  Boyle's  law. 

The  compressibility  of  a  gas  should  also  increase  as  the  tempera- 
ture decreases,  as  is  proved  by  the  experiment  on  carbonic  acid.  With 
the  exception  of  hydrogen,  all  gases  under  ordinary  conditions  are 
below  this  normal  temperature.  But  if,  as  chemical  phenomena 
tend  to  prove,  hydrogen  is  a  kind  of  metal,  we  must  suppose  it  to 
be  relatively  in  a  high  state  of  rarefaction,  which  accounts  for  the 
peculiarity  presented  by  its  compressibility. 

123.  Manometers  or  Pressure-gauges. — Manometers  are  instruments 
for  me-asuring  the  elastic  force  of  a  gas  or  vapour  contained  in  the  in- 
terior of  a  closed  spaca  This  elastic  force  is  generally  expressed  in 
units  called  atmospheres  (§  103),  and  is  often  measured  by  means  of  a 
column  of  mercury. 

When  the  column  of  mercury  moves  freely  in  an  open  tube,  the 
manometer  is  said  to  be  open  [d  air  libre] ;  it  was  a  manometer  of 
this  kind  that  Regnault  employed  to  measure  the  successive  pres- 
sures to  which  the  volume  of  gas  was  subjected. 

The  open  mercurial  pressure-gauge  is  often  used  in  the  arts  to 
measure  pressures  that  are  not  very  considerable.  The  figure  re- 
presents one  of  the  simplest  forms.  The  apparatus  consists  of  a  box, 
generally  of  iron,  at  the  top  of  which  is  an  opening  closed  by  a  screw 
stopper,  which  is  traversed  by  the  tube  6,  open  at  both  ends,  and 
dipping  into  the  mercury  in  the  box.  The  air  or  vapour  whose 
elastic  force  is  to  be  measured  enters  by  the  tube  a,  and  presses  upon 
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the  mercury.  It  is  evident  that  if  the  level  of  the  liquid  in  the  box 
is  the  same  as  in  the  tube,  the  pressure  in  the  box  must  be  exactly 
equal  to  that  of  the  atmosphere.  If  the  mercury  in  the  tube  rises 
above  that  in  the  box,  the  pressure  of  the  air  in  the  box  must  exceed 
that  of  the  atmosphere  by  a  pressure  corresponding  to  the  height  of 
the  colupin  raised  The  pressures  are  generally  marked  in  atmo- 
spheres upon  a  scale  beside  the  tube. 

124.  Multiple  Branch  Manometer. — When  the  pressures  to  bemeasured 
are  considerable,  as  in  the  boiler  of  a  high-pressure  steam-engine,  the 
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above  instrument,  if  employed  at  all,  must  be  of  a  length  correspond- 
ing to  the  pressure.  If,  for  instance,  the  pressure  in  question  is  eight 
atmospheres,  the  length  of  the  tube  must  be  at  least  8  x  30  inches= 
20  feeL  Such  an  arrangement  is  inconvenient  even  for  stationary 
machines,  and  is  entirely  inapplicable  to  movable  machines. 

Without  departing  from  the  principle  of  the  open  mercurial  pres- 
sure-gauge, namely,  the  balancing  of  the  pressure  to  be  obe^^ed 
against  the  weight  of  a  liquid  increased  by  one  atmosphere,  we  may 
reduce  the  length  of  the  instrument  hy  an  artifice  already  employed 
by  Fahrenheit  in  his  barometer  (§110). 

The  apparatus  for  this  purpose  consists  of  an  iron  tube  ABCD  bent 
back  upon  itself  a  certain  number  of  times.  The  extremity  A  com- 
municates with  the  boiler  by  a  stop-cock,  and  the  last  bnuich  CI>  is 
of  glass,  and  has  a  scale  by  its  side. 
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The  first  step  is  to  fill  the  tube  vith  mercury  as  iar  as  the  level 
MN.  At  this  height  are  holes  by  which  the  mercury  escapes  whea 
it  reaches  them,  and  which  are  afterwards  hermetically  sealed.  The 
upper  portions  are  filled  with  water  through  openings  which  are  also 
stopped  after  the  tube  has  been  filled.  If  the  mercury  in  the  first 
tube,  which  is  in  coomiunicatioa  with  the  reservoir  of  gas,  falls  through 
a  certain  distance  h,  it  will  alternately  fall  and  rise  through  the  same 
distance  in  each  of  the  tubes,  and  will  consequently  rise  through  the 
same  distance  in  the  last  tube;  now  this  distance  corresponds  to  an 
effective  pressure  represented  by  a  column  of  mercury  of  height  lOA, 
diminished  by  ten  times  the  same  height  of  water;  that  is,  to  a  height 
of  mercury  equal  to  1  Ofe  {1  —  jgTTo)-  It  will  thus  be  seen  that  a  very 
considerable  pressure  will  be  indicated  by  a  comparatively  small 
variation  of  the  mercurial  column.  If,  for  instance,  beginning  with 
the  atmospheric  pressure,  an  additional  pressure  of  five  atmospheres 
is  exerted,  that  is,  an  effective  pressure  of  six  atmospheres,  the  quan- 
tity h  will  be  given  in  metres  by  the  equation 


6x-78  =  10A(l-j3?5g), 


136.  Compressed-air  Hanometer. — This  instrument,  which  may  as- 
sume different  forms,  sometimes  consists,  as  in  Fig.  131,  of  a  bent  tube 
AB  closed  at  one  end  a,  and  containing  within  the 
space  Aa  a  quantity  of  air,  which  is  cut  off  from  i 

external  communication  by  a  column  of  mercury. 
The  apparatus  has  been  so  constructed,  that  when 
the  pressure  on  £  is  equal  to  that  of  the  atmosphere, 
the  mercury  stands  at  the  same  height  in  both 
blanches;  so  that,  under  these  circumstances,  the 
inclosed  air  is  exactly  at  atmospheric  pressure.    But 
if  the  pressure  increases,  the  mercury  is  forced  into       \, 
the  left  branch,  so  that  the  air  in  tbat  branch  is    iig.  wi.-comsw-sd- 
compressed,  and  its  tension  gradually  increases  until 
equilibrium  is  established.     The  pressure  of  the  gas  exerted  at  B  is 
then  equal  to  the  pressure  of  the  compressed  air,  together  with  that 
of  a  colunm  of  mercury  equal  to  the  difierence  of  level  of  the  liquid 
in  the  two  branches.     This  pressure  is  expressed  in  atmospheres  on 
the  scale  ah. 
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The  graduation  of  this  scale  is  effected  directly  in  practice,  by 
placing  the  manometer  in  commuDication  with  a  reservoir  of  com- 
pressed air  whose  pressure  is  given  by  an  open  mercurial  gauge,  or 
by  a  standard  manometer  of  any  kind. 

If  the  tube  AB  be  supposed  cylindrical,  the  graduation  can  be 
previously  effected  by  an  application  of  Boyle's  law. 

Let  I  be  the  length  of  the  tube  occupied  by  the  inclosed  air  when 
its  pressure  is  equal  to  that  of  one  atmosphere;  at  the  point  to  which 
the  level  of  the  mercury  rises  is  marked  the  number  1.  It  is  required 
to  find  to  what  point  the  end  of  the  liquid  column  should  reach  when 
a  pressure  of  n  atmospheres  is  exerted  at  R  Let  x  be  the  height  of 
this  point  above  1;  then  the  volume  of  the  air,  which  was  originally  I, 

has  become  l—x,  and  its  pressure  is  therefore  equal  to  H  ^^,  H  being 

the  mean  height  of  the  barometer.  This  pressure,  together  with  that 
due  to  the  difference  of  level  2x,  is  equivalent  to  n  atmospheres. 
We  have  thus  the  equation — 


H 


l-x 


+  2  «  =  nH, 


whence 


2x*-  (nH  +  2Z)a5+  (n-l)HZ  =  0. 


^_nH  +  2Z±  V(»H  +  20"  -  8(»-l)HZ. 


We  thus  find  two  values  of  a;;  but  that  given  by  taking  the  positive 
sign  of  the  radical  is  inadmissible;  for  if  we  put  7i  =  l,  we  ought  to 

have  x=o,  which  cannot  be  the  case  unless  the 
sign  of  the  radical  is  negative 

By  giving  n  the  successive  values  of  IJ,  2, 
2i,  3,  &c.,  in  this  expression  for  x,  we  have 
the  points  on  the  scale  corresponding  to  pres- 
sures of  one  atmosphere  and  a  half,  two  atmo- 
spheres, &C. 

As  we  have  before  remarked,  the  sensibility 
of  the  instrument  decreases  as  the  pressure 
increases,  and  the  distance  traversed  by  the 
mercury  for  an  increment  of  pressure  equal  to 
one  atmosphere  becomes  less  and  less.  This 
inconvenience  is  partly  avoided  by  the  ar- 
rangement shown  in  Fig.  132.  The  branch 
containing  the  air  is  of  a  conical  form ;  in  this  way,  as  the  mercury 
rises,  equal  changes  of  volume  correspond  to  increasing  lengtha     The 


Fig.  132. 
Compreased-air  Manometer. 
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effect  of  this  arrangement  is  seen  by  an  inspection  of  the  acale,  on 
which  the  numbers  corresponding  to  successive  atmosphereB  of  pres- 
Bure  are  nearly  equidistant,  whereas  when  the  tube  is  cylindiiical 
they  rapidly  approach  each  other, 

186.  Hetallio  Kanometers. — The  fn^ility  of  glass  tubes,  and  the 
fact  that  they  are  liable  to  become  opaqne  by  the  mercuiy  clinging 
to  their  sides,  are  serious  drawbacks  to  their  use,  especially  in 
machines  in  motion.  Accordingly,  metallic  manometers  are  often 
employed,  depending  upon  the  changes  of  form  effected  by  the  pres- 
sure of  gas  on  its  containing  vessel,  when  suitably  constructed.  We 
shall  here  mention  only  Bourdon's  gauge  (Fig.  133).  It  consists  essen- 
tially of  a  copper  tube  of  elliptic  section,  which  is  bent  through  about 
540°  as  represented  in  Fig.  133.  One  of  the  extremities  communicates 
by  a  stop-cock  with  the  reservoir  of  steam  or  compressed  gas ;  to  the 
other  extremity  in  attached  a  steel  needle  which  traverses  a  scale, 
When  the  stop-cock  permits  communication  with  the  atmosphere,  the 
end  of  the  needle  stands  at  the  mark  1 ;  but  if  the  pressure  increases 
the  curvature  diminishes,  the  free  extremity  of  the  tube  moves  away 
from  the  fixed  extremity,  and  the  needle  traverses  the  scala 


127.  Hixtnre  of  Oases. — When  gases  of  different  densities  are  in- 
closed in  the  same  space,  experiment  shows  that,  even  under  the  most 
unfavourable  circumstances,  an  intimate  mixture  takes  place,  so  that 
each  gas  becomes  uniformly  diffused  through  the  entire  sptKse.     This 
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fact  has  been  shown  by  a  decisive  experiment  due  to  BerthoUet 
He  took  two  globes  (Fig.  134)  which  could  be  screwed  together,  and 
placed  them  in  a  cellar.  The  lower  globe  was  filled  with  carbonic 
acid,  the  upper  globe  with  hydrogen.  Communication  was  estab- 
lished between  them,  and  at  the  end  of  a  certain  time  it  was  ascer- 
tained that  the  gases  had  become  intimately  mixed;  in  fact,  the 
proportion  of  carbonic  acid  and  of  hydrogen  was  exactly  the  same  in 
both  globea  The  fact  that  the  composition  of  the  air  is  the  same  at 
all  heights  is  another  striking  proof 

If  several  gases  are  inclosed  in  the  same  space,  each  of  them  exerts 
the  same  pressure  as  if  the  others  were  absent,  and  consequently  the 
pressure  exerted  by  the  mixture  is  equal  to  the  sum  of  the  pressures 
due  to  each  gas  separately.  These  separate  pressures  can  easily  be 
calculated  by  Boyle's  law,  when  the  original  pressure  and  volume  of 
each  gas  are  known. 

For  example,  let  V  and  P,  V  and  F,  V"  and  F'  be  the  volumes 
and  pressures  of  the  gases  which  are  made  to  pass  into  a  vessel  of 
volume  U.     The  first  gas  exerts,  when  in  this  vessel,  a  pressure 

equal  to  -vj-,  the  second  a  pressure  equal  to  -^  ,  the  third  a  pressure 
equal  to  -u^,  and  so  on,  so  that  the  total  pressure  M  is  equal  to 

^  +  ^'  +  -Jf-,  whence  MU  =VP  +  V'F  +  V'T". 

This  formula  expresses  the  law  of  pressure  for  a  mixture  of  gases; 
it  may  easily  be  verified  by  passing  different  volumes  of  gas  into  a 
graduated  glass  jar  inverted  over  mercury,  after  having  first  mea- 
sured their  volumes  and  pressures. 

128.  Absorption  of  Oases  by  Liquids  and  Solids. — All  gases  are  to  a 
greater  or  less  extent  soluble  in  water.  This  property  is  of  consider- 
able importance  in  the  economy  of  nature;  thus  the  life  of  aquatic 
animals  and  plants  is  sustained  by  the  oxygen  of  the  air  which  the 
water  holds  in  solution.  The  volume  of  a  given  gas  that  can  be 
dissolved  in  water  at  a  given  temperature  is  found  to  be  in  general 
the  same  at  all  pressures,^  and  the  ratio  of  this  volume  to  that  of 
the  water  which  dissolves  it  is  called  the  coefficient  of  sohtbilify 
or  of  absorption.  At  the  temperature  0°  Cent  the  coefficient  of 
solubility  for  carbonic  acid  is  1,  for  oxygen  '04,  and  for  ammonia 
600. 

If  a  mixture  of  two  or  more  gases  be  placed  in  contact  with  water, 

^  Henoe  the  weight  of  gas  absorbed  is  directly  as  the  pressure. 
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each  gas  will  be  dissolved  to  the  same  extent  as  if  it  were  the  only 
gas  present 

Other  liquids  as  well  as  water  possess  the  power  of  absorbing  gases, 
according  to  the  same  laws,  but  with  coefficients  of  solubility  which 
are  different  for  each  liquid. 

Increase  of  temperature  diminishes  the  coefficient  of  solubility, 
which  is  reduced  to  zero  when  the  liquid  boils. 

Some  solids,  especially  charcoal,  possess  the  power  of  absorbing 
gases.  Boxwood  charcoal  absorbs  about  nine  times  its  volume  of 
oxygen,  and  about  ninety  times  its  volume  of  ammonia.  When 
saturated  with  one  gas,  if  put  into  a  different  gas,  it  gives  up  a  por- 
tion of  that  which  it  first  absorbed,  and  takes  up  in  its  place  a  quan- 
tity of  the  second.  Finely-divided  platinum  condenses  on  the  sur- 
face of  its  particles  a  large  quantity  of  many  gases,  amounting  in  the 
case  of  oxygen  to  many  times  its  own  volume.  If  a  jet  of  hydrogen 
gas  be  allowed  to  fall,  in  air,  upon  a  ball  of  spongy  platinum,  the  gas 
combines  rapidly,  in  the  pores  of  the  metal,  with  the  oxygen  of  the 
air,  giving  out  an  amount  of  heat  which  renders  the  platinum  in- 
candescent and  usually  sets  fire  to  the  jet  of  hydrogen. 

Most  solids  have  in  ordinary  circumstances  a  film  of  air  adhering 
to  their  surfaces.  Hence  iron  filings,  if  carefully  sprinkled  on  water, 
will  not  be  wetted,  but  will  float  on  the  surface,  and  hence  also  the 
power  which  many  insects  have  of  running  on  the  surface  of  water 
without  wetting  their  feet.  The  film  of  air  in  these  cases  prevents 
wetting,  and  hence,  by  the  principles  of  capillarity,  produces  in- 
creased buoyancy. 


CHAPTER    XV. 


129.  Air-pninp. — The  air-pump  waa  invented  by  Otto  Guericke 
abont  1650,  and  has  since  undet^ne  some  improvements  in  detail 
'which  have  not  altered  the  essential  parte  of  its  construction. 

It  consists  of  a  glass  or  metal  cylinder  called  the  barrel,  in  which 
a  piston  works.  This  piatoo  has  aa  opening  through  it  which  is 
closed  at  the  lower  end  by  a  valve  S  openiog  upwards.  The  barrel 
communicates  with  a  passage  leading  to  the  centre  of  a  broas  surface 
carefully  polished,  wliich  is  called  the  plate  of  the  ftir-pump.  The 
entrance  to  the  passage  is  closed  by  a  conical  stopper  S',  at  the  ex- 
tremity of  a  metal  rod  which  passes  through  the  piston-bead,  and 
works  in  it  tightly,  so  as  to  be  carried  up  and  down  with  the  motion 


. — Air-pqiup, 


of  the  piston.  A  catch  at  the  upper  part  of  the  rod  confines  its 
motion  within  very  narrow  limits,  and  only  permits  the  stopper  to 
rise  a  small  distance  above  the  opening. 

Suppose  now  that  the  piston  is  at  the  bottom  of  the  cylinder,  and 
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is  raised  The  valve  S'  is  opened,  and  the  air  of  the  receiver  £  rushes 
into  the  cylinder.  On  lowering  the  piston,  the  valve  S'  closes  its 
opening,  the  air  which  has  entered  the  cylinder  cannot  return  into 
the  receiver,  and,  on  being  compressed,  raises  the  valve  in  the  piston, 
and  escapes  into  the  air  outsida  On  raising  the  piston  again,  a  por- 
tion of  the  air  remaining  in  the  receiver  will  pass  into  the  cylinder, 
whence  it  will  escape  on  pushing  down  the  piston,  and  so  on. 

We  see,  then,  that  if  this  motion  be  continued,  a  fresh  portion  of 
the  air  in  the  receiver  will  be  removed  at  each  successive  stroke. 
But  as  the  quantity  of  air  removed  at  each  stroke  is  only  a  fraction 
of  the  quantity  remaining,  we  can  never  produce  a  perfect  vacuum, 
though  we  might  approach  as  near  to  it  as  we  pleased  if  this  were 
the  only  obstacle. 

130.  Calculation  of  the  Degree  of  Exhanstion. — It  is  easy  to  cal- 
culate the  quantity  of  air  left  in  the  receiver  after  a  given  number 
of  strokes  of  the  piston.  Let  V  be  the  volume  of  the  cylinder,  V 
that  of  the  receiver,  and  M  the  mass  of  air  in  the  receiver  at  first. 
On  raising  the  piston,  the  air  which  occupied  the  volume  V  occupies 
a  volume  V'+ V;  of  the  air  thus  expanded  the  volume  V  is  removed, 

and  the  volume  V  left,  being  y,   y  of  the  whole  quantity  or  mass  M. 

The  quantity  remaining  after  the  second  stroke  is  y,;^  of  that  after 

tlie  first,  or  is  (y/  ^  y)  M;  and  after  n  strokes  (y.^y  j  M.    Hence  the 
density  and  (by  Boyle's  Ijelw)  the  pressure  are  each  reduced  by  n 
yTTy  )   of  their  original  valuea 

We  see,  then,  that  the  pressure  goes  on  decreasing  indefinitely,  and 
that,  consequently,  the  elasticity  of  the  air  may,  theoretically  at  least, 
be  rendered  less  than  any  assigned  quantity. 

131.  Mercurial  Oange. — In  order  to  follow  the  steps  of  the  opera- 
tion, and  to  observe  at  each  instant  the  elastic  force  of  the  air  in  the 
receiver,  the  instrument  is  provided  with  a  siphon-barometer,  called 
the  mercurial  gauge,  inclosed  in  a  bell-shaped  vessel  of  gla.ss  F,  and 
communicating  by  a  stop-cock  with  the  receiver.  This  barometer 
consists  of  a  bent  tube,  the  branches  of  which  are  about  a  foot  in 
length ;  one  of  these  is  closed  and  filled  with  mercury,  the  other  is 
open.  When  the  pressure  of  the  air  in  the  receiver  becomes  less  than 
that  represented  by  a  column  of  mercury  equal  in  length  to  the 
closed  branch  of  the  gauge,  the  mercury  falls,  and  the  elastic  force  of 
the  air  at  any  moment  is  given  by  the  difference  of  level  of  the 
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mercury  in  the  two  branches ;  this  difference  can  be  meajsured  on  a 
graduated  seala  The  mercurial  gauge  serves  to  show  whether  the 
instrument  is  working  properly;  for  instance,  in  the  case  of  air 
getting  in  anywhere,  this  would  be  shown  by  the  fluctuations  of  the 
mercurial  column.  It  also  shows  when  the  greatest  possible  effect 
has  been  attained,  by  the  level  of  the  mercury  remaining  stationary 
notwithstanding  the  motion  of  the  pistoa  In  theory,  as  we  have 
said  above,  there  is  no  limit  to  the  action  of  the  machine,  and  at  each 
stroke  of  the  piston  the  elastic  force  of  the  air  should  decrease ;  but 
in  reality  this  is  not  the  case,  on  account  of  the  inevitable  imperfec- 
tions of  the  apparatus ;  there  is  always  a  limit,  extending  further  in 
proportion  to  the  excellence  of  the  machine,  and  the  barometer  shows 
the  moment  when  this  limit  is  reached  Instead  of  a  siphon-baro- 
meter, we  might  have  an  ordinary  barometer  in  connection  with 
the  receiver,  and  thus  observe  the  progress  of  the  vacuum  from  the 
first  strokes  of  the  piston. 

132.  Admission  Stop-cock. — After  the  receiver  has  been  exhausted 
of  air,  if  it  was  required  to  raise  it  from  the  plate,  a  veiy  considerable 
force  would  be  necessary,  amounting  to  as  many  times  fifteen  pounds 
as  the  area  of  the  plate  contained  square  inches.  It  would,  therefore, 
be  in  general  impossible  to  raise  the  receiver.  This  is,  however,  ren- 
dered possible  by  means  of  the  stop-cock  R,  which  is  shown  in  section 
above.  It  is  perforated  by  a  straight  channel,  which,  when  the 
machine  is  being  worked,  forms  part  of  the  communicating  passaga 
At  90°  from  the  extremities  of  this  channel  is  another  opening  O,  form- 
ing the  mouth  of  a  bent  passage,  leading  to  the  external  air.  When  we 
wish  to  admit  the  air  into  the  receiver,  we  have  only  to  turn  the  stop- 
cock so  as  to  bring  the  opening  O  to  the  side  next  the  receiver ;  if, 
on  the  contrary,  we  turn  it  towards  the  pump-barrel,  all  communica- 
tion between  the  pump  and  the  receiver  is  stopped,  the  risk  of  air 
entering  is  diminished,  and  the  vacuum  remains  good  for  a  greater 
length  of  time.  This  precaution  is  taken  when  we  wish  to  leave 
bodies  in  a  vacuum  for  a  considerable  time.  Another  method  is  to 
employ  a  separate  plate,  which  can  be  detached  so  as  to  leave  the 
machine  available  for  other  purposea 

133.  Double-barrelled  Air-pump. — The  machine  just  described  has 
only  a  single  pump-barrel ;  air-pumps  of  this  kind  are  sometimes 
employed,  and  are  usually  worked  by  a  lever  like  a  pump-handla 
With  this  arrangement,  it  is  evidently  necessary  that  the  piston,  after 
having  ascended,  should  descend  again  to  expel  the  air  from  the 
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pamp-barrel,  and  it  is  only  after  thia  double  stroke  that  the  operation 
can  begin  anew. 

Double-barrelled  pumps  are  more  frequently  used.     An  idea  of 
Ifaeir  general  arrangement  may  be  formed  &om  Figs.  136,  137,  and 
138.     Fig.   138  gives  the  machine  in   perspective.   Fig.  136  is  a 
section  through  the  axes  of  the  pump-barrels,  and  Fig.  137  shows 
the  manner  in  which  communication  is  established   between  the 
receiver  and  the  two  bar- 
rels.    It  will  be  observed 
that  the  two  passages  from 
the  barrelsunite  in  a  single 
passage  to  the  centre  of  the 
plate  p. 
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The  piston-rods  C  are  two  racks  working  with  the  pinion  P.  This 
pinion  is  turned  by  a  double-banded  lever,  which  is  worked  alter- 
nately in  opposite  directions  In  this  ajrangement,  when  one  piston 
ascends  the  other  descends,  and  consequently  in  each  single  stroke 
the  air  of  the  receiver  passes  into  one  or  other  pump-barreL  A 
vacuum  is  thus  produced  by  half  the  number  of  strokes  which  would 
be  required  with  a  single-barrelled  pump.  It  has  besides  another 
advantage.  In  the  single-barrelled  pump  the  force  required  to  raise 
the  piston  increases  as  the  exhaustion  proceeds,  and  when  it  is  nearly 
completed  there  is  the  resistance  of  almost  an  atmosphere  to  be  over- 
come; that  is,  nearly  15  pounds  to  the  square  inch.     In  the  double- 


barrelled  pump,  at  the  moment  when  ose  piston  is  at  the  top,  and 
the  other  at  the  bottom,  the  force  opposing  the  ascent  of  the  one  is 
precisely  equal  to  that  assisting  the  descent  of  the  other.     We  must 


observe,  however,  that  this  equality  exiitts  only  at  the  beginning  of 
the  stroke;  for  when  one  of  the  pistons  .descends,  the  air  below  it  is 
compressed,  its  tension  becoming  greater  and  greater,  until  it  reaches 
that  of  the  atmosphere  and  raises  the  piston- valva  At  this  moment 
the  resistance  to  the  ascent  of  the  other  piston  is  entirely  uncompen- 
sated, and  up  to  this  point  the  compensation  has  been  gradually 
diminishing.  But  the  more  nearly  we  approach  to  a  perfect  vacuum, 
the  more  slowly  does  the  tension  of  the  air  compressed  beneath  the 
piston  increase,  so  that,  unlike  the  single-barrelled  pump,  it  becomes 
easier  to  work  as  the  exhaustion  proceeds. 

134.  Sisjfle-barTelled  Fnmps  with  Double  Actios.  —  We  do  not, 
however,  require  two  pump-barreh  in  order  to  obtain  double  action, 
as  the  same  effect  may  he  obtained  with  a  single  barrel  An  arrange- 
ment for  this  purpose  was  long  ago  suggested  by  Delahire  for  water- 
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pumps;  but  the  priociple  has  only  lately  been  applied  to  the  cod- 
structioQ  of  air-pumpa 

Fig.  139  represents  the  single  barrel  of  the  douhle-scting  pump  of 
Bianchi  It  will  be  seen  that  the  piston-valve  opens  into  the  hoUov 
piston-rod;  a  second  valve,  also  opening  upward,  is  placed  at  tbe 
top  of  the  pump-barrel.  Two  other  open- 
ings, one  above,  the  other  below,  serve  to 
establish  communication  by  means  of  a 
bentvertical  tube  between  the  pump-barrel 
and  the  passage  to  the  plate.  These  open- 
ings are  closed  alt^nately  by  two  conical 
stoppers  at  the  two  extremities  of  a  metal 
rod  passing  through  the  piston,  and  carried 
with  it  in  its  vertical  movement  by  means 
of  friction.  When  the  piston  ascends,  as 
in  tbe  figure,  the  upper  opening  is  closed 
and  the  lower  one  is  open;  when  the  piston 
begins  to  descend,  the  opposite  effect  is 
immediately  produced.  Accordingly  we 
see  that,  whichever  be   the  direction  in 

which  the  piston  is  moving,  the  receiver         BomiofB^cbi'lAir-pumu 
is  being  exhausted  of  air.     In  fact,  when 

the  piston  aacends,  air  from  the  receiver  will  enter  by  the  lower 
opening,  and  the  air  above  the  piston  will  be  gradually  compressed, 
and  will  finally  escape  by  the  valve  above.  In  the  descending  move- 
ment, air  will  enter  by  the  upper  opening,  and  the  compressed  air 
beneath  the  piston  will  escape  by  the  piston-valve.  Tlie  movement 
of  tbe  piston  is  produced  by  a  peculiar  arrangement  shown  in  Fig. 
140,  which  gives  a  general  view  of  the  apparatus. 

Tbe  pump-barrel,  which  is  composed  entirely  of  cast-iron,  oscillates 
about  an  axis  passing  through  its  base.  On  the  top  are  guides  in 
which  the  end  of  a  crank  travela  The  pump  is  worked  by  turning 
a  heavy  fly-wheel  of  cast-iron,  on  the  axis  of  which  is  a  pinion  which 
drives  a  toothed  wheel  on  the  axis  of  the  crank.  Tlie  end  of  tbe 
crank  is  attached  to  the  extremity  of  tbe  piston-rod.  It  is  evident 
that  on  turning  the  fly-wheel  the  pump-barrel  will  oscillate  Irom  side 
to  side,  following  the  motions  of  tbe  crank,  and  the  piston  will  alter- 
nately ascend  and  descend  in  the  barrel,  the  length  of  which  should 
be  equal  to  the  diameter  of  the  circle  described  by  the  end  of  the 
crank. 
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135.  Varions  Experiments  with  the  Air-pnmp. — ^At  the  time  when 
the  air-pump  was  invented,  several  experiments  were  devised  to 
show  the  effects  of  a  vacuum,  some  of  which  have  become  classical, 
and  are  usually  repeated  in  courses  of  experimental  physics. 

Experiment  of  the  Burst  Bladder, — On  the  plate  of  an  air-pump  is 
placed  a  glass  cylinder  open  at  the  bottom,  and  having  a  piece  of 
bladder  tightly  stretched  over  the  top.  As  the  exhaustion  proceeds, 
the  bladder  bends  inwards  in  consequence  of  the  atmospheric  pressure 
above  it,  and  finally  bursts  with  a  loud  report. 

It  often  happens  that,  notwithstanding  the  strong  exterior  pressure, 
the  bladder  does  not  give  way,  its  molecules  preserving  their  equi- 
librium of  cohesion.  But 
this  equilibrium  is,  so  to 
speak,  unstable,  and  a  few 
taps  are  sufficient  to  de- 
stroy it  and  cause  the 
bladder  to  burst. 
Magdeburg  Hemispheres. 
— We  take  two  hemi- 
spheres (Fig  142),  which 
can  be  exactly  fitted  on 
each  other;  their  exact 
adjustment  is  further  as- 
sisted by  a  projecting  in- 
ternal rim,  which  is  smear- 
ed with  lard.  The  appa- 
ratus is  exhausted  of  air 

through  the  medium  of  the  stop-cock  attached  to  one  of  the  hemi- 
spheres, and  when  a  vacuum  has  been  produced,  it  will  be  found 
that  a  considerable  force  is  required  to  separate  the  two  parts,  and 
this  force  increases  with  the  size  of  the  hemispherea 

This  resistance  to  a  force  of  separation  is  due  to  the  normal  ex- 
terior pressure  of  the  air  on  every  point  of  the  surface,  a  pressure  which 
is  counterbalanced  by  only  a  very  feeble  pressure  from  the  interior. 
In  order  to  estimate  the  resultant  efiect  of  these  difierent  pressures, 
let  us  suppose  that  the  external  surface,  instead  of  being  spherical,  is 
formed  of  a  series  of  steps ;  that  is  to  say,  of  alternate  vertical  and 
horizontal  elementa  It  is  evident  that  the  pressures  exerted  upon 
these  latter  will  have  no  influence  upon  the  adhesion  of  the  hemi- 
spheres ;  the  first  alone  produce  this  effect,  and  the  sum  of  these  is 


Fig.  141. 
BuzBt  Bladder. 


Fig.  142. 
Magdeburg  HemiBpheiee. 
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evidently  equal  to  the  pressure  of  the  atmosphere  upon  the  circular 
area  forming  the  common  base  of  the  hemispheres.  For  example,  if 
this  area  is  ten  square  inches,  the  hemispheres  vill  be  pressed  against 
each  other  with  a  force  of  1 50  pounda  - 

Fountain  in  Vacuo. — Tlie  apparatus  for  this  experiment  con^sta 
of  a  bell-shaped  vessel  of  glass  (Fig.  143),  the  base  of  which  ia  pierced 
^ — -^  by  a  tube  fitted  wiih 

'       "-'  ^  a    stop-cock    which 

enables  us  to  exhaust 
the  vessel  of  air.  If, 
after  a  vacuum  has 
been  produced,  we 
place  the  lower  end 
of  the  tube  in  a  vessel 
of  water,  and  open  the 
stop-cock,  the  liquid, 
being  pressed  exter- 
nally by  the  atmo- 
sphere, mounts  up  the 
tube  and  ascends  in  a 
jet  into  the  intenor 
of  the  vessel.  This 
experiment  is  often 
made  in  the  opposite 
manner.     Under  the 

receiver   of  the   air- 
Fig  u3,-Foutit.in  in  vicuo.  ■      ,      J        .  , 
puiup  IS  placed  a  vial 

partly  filled  with  water,  and  having  its  cork  pierced  by  a  tube  open 
at  both  ends,  the  lower  end  being  beneath  the  sur&ce  of  the  water. 
As  the  exhaustion  proceeds,  the  air  in  the  vial,  by  its  excess  of  pres- 
sure, acts  upon  the  liquid  and  makes  it  issue  in  a  jet 

136.  Limit  to  the  Action  of  the  Air-pump. — We  have  said  above 
(§  131)  that  the  air-pump  does  not  continue  the  process  of  rarefaction 
indefinitely,  but  that  at  a  certain  stage  its  effect  ceases,  and  the 
tension  of  the  air  in  the  receiver  undergoes  no  further  dimiautio& 
If  the  pump  is  very  badly  made,  this  tension  is  considerable;  but 
even  with  the  most  perfect  macliines  it  is  always  sensible.  A  pump 
such  as  we  have  described  may  be  considered  as  very  good  if  it 
reduces  the  tension  of  the  air  in  the  receiver  to  one-fiftieth  of  an  inch 
of  mercury:  it  is  very  rarely  that  a  lower  limit  is  reached. 
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Leakage. — This  limit  to  the  action  of  the  machine  is  due  to  various 
causes.  One  of  these  is  evidently  the  leakage  at  different  parts  of 
the  apparatua  It  is  impossible  to  prevent  the  air  from  getting  in  at 
several  points;  and  although  at  the  beginning  of  the  operation  the 
quantity  of  air  which  thus  enters  is  small  in  comparison  with  that 
which  is  pumped  out,  still,  as  the  exhaustion  proceeds,  the  air  enters 
faster,  on  account  of  the  diminished  internal  pressure,  and  at  the 
same  time  the  quantity  expelled  at  each  stroke  becomes  less,  so  that 
at  length  a  point  is  reached  at  which  the  inflow  and  outflow  are 
equal 

Space  untraversed  by  Piston. — ^Another  reason  of  imperfect 
exhaustion  is  that,  after  all  possible  precautions,  a  space  is  still  left 
between  the  bottom  of  the  pump-barrel  and  the  lower  surface  of  the 
piston  when  the  latter  is  at  the  end  of  its  downward  stroke.  It  is 
evident  that  at  this  moment  the  air  contained  in  this  untraversed 
space  is  of  the  same  tension  as  the  atmosphere.  On  raising  the 
piston,  this  air  is  indeed  rarefied;  but  it  still  preserves  a  certain 
tension,  and  it  is  evident  that  when  the  air  in  the  receiver  has  been 
brought  to  this  stage  of  rarefaction,  the  machine  will  cease  to  produce 
any  effect. 

If  v  is  the  volume  of  this  space,  V  the  volume  of  the  pump-barrel, 
the  air,  which  at  volume  v  has  a  tension  H  equal  to  that  of  the 

atmosphere,  will  have,  at  volume  V,  a  tension  equal  to  Hy.     This 

gives  the  limit  to  the  action  of  the  machine  as  deduced  from  the  con- 
sideration of  the  untraversed  spaca 

Air  given  out  by  Oil. — Finally,  perhaps  the  most  important  cause, 
and  the  most  difficult  to  remedy,  is  the  absorption  of  air  by  the  oil 
used  for  lubricating  the  pistons.  This  oil  is  poured  on  the  top  of  the 
piston,  but  the  pressure  of  the  external  air  forces  it  between  the 
piston  and  the  barrel,  whence  it  falls  in  greater  or  less  quantity  to 
the  bottom  of  the  barrel,  where  it  absorbs  air,  and  partially  yields  it 
up  at  the  moment  when  the  piston  begins  to  rise,  thus  evidently 
tending  to  derange  the  working  of  the  macliine.  It  has  been 
attempted  to  get  rid  of  untraversed  space  by  employing  a  kind  of 
piston  of  mercury.  This  has  also  the  advantage  of  fitting  the  barrel 
more  accurately,  and  thus  preventing  the  entrance  of  air.  The  use 
of  oil  is  at  the  same  time  avoided,  and  we  thus  escape  the  injurious 
effects  mentioned  above.  We  proceed  to  describe  two  machines 
founded  upon  this  principle. 

18 


137.  EraTOgl'a  Air-pump. — This  coataioB  a  hollow  glass  cylinder 
AB  tapering  at  the  upper  end,  and  surmounted  by  a  kind  of  funnel 
The  piston  is  of  the  same  shape  as  the  cylinder,  and  is  covered  with 
a  layer  of  mercury,  whose  depth  over  the  point  of  the  piston  is  about 
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-rffth  of  an  inch  when  the  piston  is  at  the  bottom  of  ita  stroke,  but  is 
nearly  an  inch  when  the  piston  rises  and  fills  the  funnel-shaped 
cavity  in  which  the  pump-barrel  terminates.  A  small  interval,  filled 
by  the  liquid,  is  left  between  the  barrel  aud  the  piston ;  but  at  the 
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bottom  of  the  barrel  the  piston  passes  through  a  leather  box  care- 
fully made,  so  as  to  be  perfectly  air  tight. 

The  air  from  the  receiver  passes  through  the  lateral  opening  e ;  it 
is  driven  before  the  mercury  into  the  funnel  above.  With  the  air 
passes  a  certain  quantity  of  mercury,  which  is  detained  by  a  steel 
valve  c  at  the  narrowest  part  of  the  funnel  This  valve  rises  auto- 
matically when  the  surface  of  the  mercury  is  at  a  distance  of  about 
half  an  inch  from  the  funnel,  and  falls  back  into  its  former  position 
when  the  piston  is  at  the  end  of  its  upward  stroke.  In  the  down- 
ward stroke,  when  the  mercury  is  again  half  an  inch  from  the  funnel, 
the  valve  opens  again  and  allows  a  portion  of  the  mercury  to  pasa 

The  effect  of  this  arrangement  is  easily  understood;  there  is  no 
"untraversed  space,"  the  presence  of  the  mercury  above  and  around 
the  piston  causes  a  very  complete  fit,  and  excludes  the  external  air; 
and  hence  the  machine,  when  well  made,  is  very  effective. 

When  this  is  the  case,  and  when  the  mercury  used  in  the  apparatus 
is  perfectly  dry,  a  vacuum  of  about  shr^^  ^f  ^^  i^ch  can  be  obtained. 
The  dryness  of  the  mercury  is  a  very  important  condition,  for  at 
ordinary  temperatures  the  elastic  force  of  the  vapour  of  water  has  a 
very  sensible  value.  If  we  wish  to  employ  the  full  powera  of  the 
machine,  we  must  have,  between  the  vessel  to  be  exhausted  of  air 
and  the  pump-barrel,  a  desiccating  apparatus. 

The  arrangement  of  the  valve  e  is  peculiar.  It  is  of  a  conical  form, 
so  as,  in  its  lowest  position,  to  permit  the  passage  of  aar  coming  from 
the  receiver.  Its  ascent  is  produced  by  the  pressure  of  the  mercury, 
which  forces  it  against  the  conical  extremity  of  the  passage,  and  the 
liquid  is  thus  prevented  from  escaping. 

The  figure  represents  a  double-barrelled  machine  analogous,  to  the 
ordinary  air-pump.  Besides  the  pinion  working  with  the  racks  of 
the  pistons,  there  is  a  second  smaller  pinion,  not  shown  in  the  figure, 
which  governs  the  movements  of  the  valves  c.  All  the  parts  of  this 
machine,  as  the  stop-cocks,  valves,  pipes,  &c.,  must  be  of  steel,  to  avoid 
the  action  which  the  mercury  would  have  upon  any  other  metal. 

138.  Geissler's  Machine. — Geissler,  of  Bonn,  has  invented  a  mer- 
curial air-pump,  in  which  the  vacuum  is  produced  by  communication 
of  the  receiver  with  the  Torricellian  vacuum.  Fig.  146  represents 
this  machine  as  constructed  by  Alvergniat.  It  consists  of  a  vertical 
tube,  which  serves  as  a  barometric  tube,  and  communicates  at  the 
bottom,  by  means  of  a  caoutchouc  tube,  with  a  globe  which  serves  as 
the  cistern. 
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At  the  top  of  the  tube  is  a  three-way  stop-cock,  by  which  com- 
munication can  be  established  either  with  the  receiver  to  the  left,  or 
with  a  fiinnel  to  the  right,  which  latter  has  an  ordinarj'  stop-cock 
11  at     the     bottom.      By 

means  of  another  stop- 
cock on  the  left,  com- 
munication with  iho 
receiver  can  be  opened 
or  closed.  These  stop- 
cocks are  made  entirely 
of  glasa  The  mat^ine 
works  in  the  following 
manner,  communication 
being  established  with 
the  funnel,  the  globe 
which  serves  as  cistern 
ia  raised,  and  placed,  as 
shown  in  the  figure,  at 
a  higher  level  than  the 
stop-cock  of  the  funneL 
By  the  law  of  equili- 
brium in  communicat- 
ing vessels,  the  mercury 
fills  the  barometric  tube, 
the  neck  of  the  funnel, 
and  part  of  the  funnel 
itsel£  If  the  communi- 
cation between  the  fun- 
nel and  tube  be  now 
stopped,  and  tlie  globe 
lowered,  a  Torricellian 
vacuum  is  produced  in 
the  upper  part  of  the 
„,    ,  ,    „  , vertical  tube. 

Fl(.  IK.— Oelaln'i  UuhiM.  ... 

Communication  is 
now  opened  with  the  receiver;  the  air  rushes  into  the  vacuum, 
and  the  column  of  mercury  falls  a  little.  Communication  is  now 
stopped  between  the  tube  and  receiver,  and  opened  between  the 
tube  and  the  funnel,  the  simple  stop-cock  of  the  funnel  being,  ho^v- 
ever,  left  shut.     If  at  this  moment  the  globe  is  replaced  in  the  posi- 
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tion  shown  in  the  figure,  the  air  endeavours  to  escape  by  the  funnel, 
and  it  is  easy  to  allow  it  to  do  so.  Thus,  a  part  of  the  air  of  the 
receiver  has  been  removed,  and  the  apparatus  is  in  the  same  position 
as  at  the  beginning.  The  operation  described  is  equivalent  to  a 
stroke  of  the  piston  in  the  ordinary  machine,  and  this  process  must 
be  repeated  till  the  receiver  is  exhausted. 

As  the  only  mechanical  parts  of  this  machine  are  glass  stop-cocks, 
-which  are  now  executed  with  great  perfection,  it  is  capable  of  giving 
very  good  resulta  With  dry  mercury  a  vacuum  of  ^iir^^  ^^  ^'^  ^^^^ 
may  very  easily  be  obtained.  The  working  of  the  machine,  how- 
ever, is  inconvenient,  and  becomes  exceedingly  laborious  when  the 
receiver  is  larga  It  is  therefore 
employed  directly  only  for  pro- 
ducing a  vacuum  in  very  small 
vessels;  when  the  spaces  to  be 
exhausted  of  air  are  at  all  large, 
the  operation  is  begun  with  the 
ordinary  machine,  and  the  mer- 
curial air-pump  is  only  em- 
ployed to  render  the  vacuum 
thus  obtained  more  perfect 

138  a.  Sprengel's  Air-pump. — 
This  instrument,  which  may  be 
regarded  as  an  improvement 
upon  Geissler's,  is  represented 
in  its  simplest  form  in  Fig. 
146  a.  ccZ  is  a  glass  tube  longer 
than  a  barometer  tube,  down 
which  mercury  is  allowed  to 
fall  from  the  funnel  A  Its 
lower  end  dips  into  the  glass 
vessel  6,  into  which  it  is  fixed 
by  means  of  a  cork.  This  vessel 
has  a  spout  at  its  side,  a  few 
millimetres  higher  than  the 
lower  end  of  the  tube.  The 
first  portions  of  mercury  which 
run  down  will  consequently  close  the  tube,  and  prevent  the  pos- 
sibility of  air  entering  it  from  below.  The  upper  part  of  cd 
branches  off  at  x  into  a  lateral  tube  communicating  with  the  re- 


Fig.  140A.— Sprengel's  Air-pump. 
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ceiver  R,  which  it  is  required  to  exhaust.  A  convenient  height  for 
the  whole  instrument  is  six  feet.  The  funnel  A  is  supported  by  a 
ring  as  shown  in  the  figure,  or  by  a  board  with  a  hole  cut  in  it  The 
tube  cd  consists  of  two  parts,  connected  by  a  piece  of  india-rubber 
tubing,  which  can  be  compressed  by  a  damp  so  as  to  keep  the  tube 
closed  when  desired.  As  soon  as  the  mercury  is  allowed  to  run 
down  the  exhaustion  begins,  and  the  whole  length  of  the  tube,  from 
a;  to  d,  is  seen  to  be  filled  with  cylinders  of  mercury  separated  by 
cylinders  of  air,  all  moving  downwards.  Air  and  mercury  escajie 
through  the  spout  of  the  bulb  B,  which  is  above  the  basin  H,  where 
the  mercury  is  collected.  This  has  to  be  poured  back  from  time  to 
time  into  the  funnel  A,  to  pass  through  the  tube  again  and  again 
until  the  exhaustion  is  completed. 

As  the  exhaustion  is  progressing,  it  will  be  noticed  that  the  inclosed 
air  between  the  mercury  cylinders  becomes  less  and  less,  until  the 
lower  part  of  cd  presents  the  aspect  of  a  continuous  column  of  mer- 
cury about  30  inches  high.  Towards  this  stage  of  the  operation  a 
considerable  noise  begins  to  be  heard,  similar  to  that  of  a  shaken 
water-hammer,  and  common  to  all  liquids  shaken  in  a  vacuum.  The 
operation  may  be  considered  completed  when  the  column  of  mercury 
does  not  inclose  any  air,  and  when  a  drop  of  mercury  falls  upon  the 
top  of  this  column  without  inclosing  the  slightest  air-bubble.  The 
height  of  this  column  now  corresponds  exactly  with  the  height  of  the 
column  of  mercury  in  a  barometer;  or,  what  is  the  same,  it  represents 
a  barometer  whose  vacuum  is  the  receiver  R  and  connecting  tuba 

Dr.  Sprengel  recommends  the  employment  of  an  auxiliary  air-pump 
of  the  ordinary  kind,  to  commence  the  exhaustion  when  time  is  an 
object,  as  without  this  from  20  to  30  minutes  are  required  to  exhaust 
a  receiver  of  the  capacity  of  half  a  litre.  As,  however,  the  employ- 
ment of  the  auxiliary  pump  involves  additional  connections  and  in- 
creased leakage,  it  should  be  avoided  when  the  best  possible  exhaus- 
tion is  desired.  The  fall  tube  must  not  exceed  about  a  tenth  of  an 
inch  in  diameter,  and  special  precautions  must  be  employed  to  make 
the  india-rubber  connections  air-tight.  (See  Chemical  Journal  for 
1865,  p.  9.) 

By  this  instrument  air  has  been  reduced  to  isooooo^^^  of  atmospheric 
density,  and  the  average  exhaustion  attainable  by  its  use  is  about 
one-miUionth,  which  is  equivalent  to  '00003  of  an  inch  of  mercury. 

139.  Double  Exhaustion. — In  the  mercurial  machines  just  described 
there  is  no  **untraversed  space,^'  as  the  liquid  completely  expels  all 
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the  air  firom  the  pump-barreL  These  machines  are  of  very  recent 
invention.  Babinet  long  before  introduced  an  arrangement  for  the 
purpose,  not  of  getting  rid  of  this  space,  but  of  exhausting  it  of  air. 

For  this  purpose,  when  the  machine  ceases  to  work  with  the  ordi- 
nary arrangement,  the  communication  of  the  receiver  with  one  of 
the  pump-barrels  is  shut  off,  and  this  barrel  is  employed  to  exhaust 
the  air  from  the  other.  This  change  is  effected  by  means  of  a  stop- 
cock at  the  point  of  junction  of  the  passages  leading  from  the  two 
barrels  (Fig.  147).  The  stop-cock  has  a  T-shaped  aperture,  the  point 
of  intersection  of  the  two  branches  being  in  constant  communication 
with  the  receiver.  In  a  differ- 
ent plane  &om  that  of  the  T- 
shaped  aperture  is  another 
aperture  7nn,  which,  by  means 
of  the  tube  I,  estabh'shes  com- 
munication between  the  pump- 
barrel  B  and  the  communicat- 
ing passage  of  the  pump-barrel 
A.  From  this  explanation  it 
will  be  seen  that  if  the  stop- 
cock be  turned  as  shown  in  the 
first  figure,  the  two  pump-bar- 
rels both  communicate  with  the 
receiver,  and  the  operation  pro- 
ceeds in  the  ordinary  manner. 
But  if  the  stop-cock  be  turned 
through  a  quarter  of  a  revolu- 
tion, as  shown  in  the  second  figure,  the  pump-barrel  B  alone  com- 
municates with  the  receiver,  while  it  is  itself  exhausted  of  air  by  the 
barrel  A. 

It  is  easy  to  express  by  a  formula  the  effect  of  this  double 
exhaustion.  Suppose  the  pump  to  have  ceased,  under  the  ordinary 
method  of  working,  to  produce  any  farther  exhaustion,  the  air  in 

the  receiver  has  therefore  reached  a  tension  nearly  equal  to  H^ 

(§  136).  At  this  moment  the  stop-cock  is  turned  into  its  second 
position.  When  the  piston  B  descends,  the  piston  A  rises,  and  the 
air  of  the  *'untraversed  space*'  in  B  is  drawn  into  A  and  rarefied. 
During  the  inverse  operation  the  air  in  A  is  prevented  from  returning 
to  B,  and  thus  the  rarefied  air  from  B,  becoming  still  ftirther  rarefied. 


Fig.  147.— BabineVa  Doubly-exhaiuting  Stop-oock. 
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will  draw  a  fresh  quantity  of  air  from  the  receiver.  This  air  will 
then  be  driven  into  A,  where  it  will  be  compressed  by  the  descending 
movement  of  the  piston,  and  will  find  its  way  into  the  air  outside.^ 

This  double  exhaustion  will  itself  cease  to  work  when  air  ceases  to 
pass  from  the  pump-barrel  B  into  the  pump-barrel  A.  Now  when 
the  piston  in  this  latter  is  raised,  the  elastic  force  of  the  air  which 

was  contained  in  its  "nntraversed  space"  is  equal  to  H^,  for  on  the 

last  opening  of  the  valve,  the  air  in  this  space  escaped  into  the  atmo- 
sphere. On  the  other  hand,  when  the  piston  in  B  is  at  the  end  of  its 
upward  stroke,  the  tension  of  the  air  is  the  same  as  in  the  receiver. 
Let  this  be  denoted  by  oil  When  the  piston  in  B  descends  the  air  is 
compressed  into  the  "un traversed  space"  and  the  passage  leading  to 
A.     Let  the  volume  of  this  passage  be  L     Then  the  tension  will 

increase,  and  become  x  — —^     When  the  machine  ceases  to  produce 

any  farther  effect,  this  tension  cannot  be  greater  than  that  in  the 

pump-baiTcl  A,  which  is  H:^;  we  have  thus,  to  determine  the  limit 

to  the  action  of  the  pump,  the  equation 

X — ^j='K^t  whence 

.      „   V     V   ■{■   I 

140.  Air-pump  with  Free  Piston. — We  shall  describe  one  more 
air-pump,  constructed  by  Deleuil,  and  founded  upon  an  interesting 
principla  We  know  that  gases  possess  a  remarkable  power  of  ad- 
hesion for  solids,  so  that  a  body  placed  in  the  atmosphere  may  be 
considered  as  covered  with  a  very  thin  coat  of  air,  forming,  so  to 
speak,  a  permanent  envelope.  On  account  of  this  circumstance,  gases 
find  very  great  difficulty  in  moving  in  very  narrow  spaces.  On  these 
facts  depends  the  principle  of  what  is  called  the  air-pump  with  free 
piston. 

The  piston  P  (Fig.  149),  which  is  composed  entirely  of  metal,  is  of 
a  considerable  length,  and  on  its  outer  surface  is  a  series  of  parallel 
circular  grooves  very  close  together.  It  does  not  touch  the  pump- 
barrel  at  any  point;  but  the  distance  between  the  two  is  very  small, 
about  001  of  an  inch.  This  free  piston  is  surrounded  by  a  cushion 
of  gas,  which  forms  its  only  stuffing,  and  is  sufficient  to  enable  the 

*  It  will  be  observed  that  during  the  process  of  doable  exhaustion  the  piston  of  B  behaTes 
like  a  solid  piston ;  its  valve  never  opens,  because  the  pressure  below  it  is  always  less  than 
atmospheric. 
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machine  to  work  in  the  ordinary  manner,  notwithatanding  the  per- 
manent communication  between  the  upper  and  lower  surfaces  of  the 
piston.     This  machine  ^ves  a  vacuum  about  aa  good  as  is  obtainable 
by  ordinary  pumps,  and  it  has  the 
important  advantages  of  not  requir- 
ing oil,  and  of  having  less  fnction. 
It  consequently  wears  better,  and  is 
less  liable  to  the  development  of 
heat,  which  is  a  frequent  source  of 
annoyance    in    air-pumps.      It   is 
single-barrelled  with  double  action, 
like  Bianchi'a    The  two  openings  S 
and  S'  are  to  admit  air  from  the 
receiver ;  they  are  closed  and  opened 
alternately  by  conical  stoppers  at 
the  ends  of  the  rod  T,  which  passes 
through  the  piston,  and  is  carried 
with  it  by  friction  in  its  movement 
They  communicate  with  tubes  which 
unite  at  R'  witli  a  tube  leading  from 
the  receiver.     A  and  A'  are  valves 
for  the  expulsion  of  the  air,  which 
escapes  by  tubes  uniting.at  R.    The 
alternate  movement  of  the  piston 
is  produced  by  what  is  called  Cela- 
hire's   gearing.      This  depends  on 
the   principle,  that  when  a  circle 
rolls  withowt  sliding  in  the  iiiierior 
km™  u.d  Bucili  rf  nimu-.  Ait-puiDp.        o/  another  circle  of  double  the  dia- 
meter, any  ■point  on   the  circuvi- 
ference  of  the  rolling  circle  describes  a  diameter  of  the  fixed  circle. 
In  order  to  utilize  this  property,  the  end  of  the  piston-rod  is  jointed 
to  the  extremity  of  a  piece  of  metal  which  is  rigidly  attached  to  the 
pinion  P,  the  joint  being  exactly  opposite  the  circumference  of  the 
pinion.     This  latter  is  driven  by  a  fly-wheel  with  suitable  gearing, 
and  works  with  the  fised  wheel  E,  which  is  toothed  on  the  inside. 
Thus  the  piston  will  freely,  ajid  without  any  lateral  effort,  describe 
a  vertical  line,  the  length  ef  the  stroke  being  equal  to  the  diameter 
of  the  fixed  wheel. 

141.  Condensing  Fnmp. — It  can  easily  be  seen  from  the  description 
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of  the  air-pump,  that  if  the  expulaion-valvee  were  connected  with  a 
tube  communicating  with  a  reservoir,  the  air  removed  hy  the  pump 
would  be  forced  into  this 


This  communi- 
catioa  is  established  in  the 
instrument  just  described. 
If,  therefore,  R'  be  made 
to  communicate  with  the 
external  air,  this  air  will 
be  continually  drawn  in  at 
that  point  and  forced  back 
into    the    reservoir    con- 
nected with  R,  so  that  the 
instrument  will  act  as  a 
condensing  pump.    The  condensing 
pump  is  thus  seen  to  be  the  same 
instrument  as   the  air-pump,  the 
only  difference  being  that  tlie  re- 
ceiver is  connected  with  the  expul- 
sion-valves, instead  of  with  the  exhaustion-valves;  it 
is  thus,  so  to  speak,  the  air-pump  reversed. 

This  fact  can  be  very  well  seen  in  the  structure  of 
a  small  pump  frequently  employed  m  the  laboratory, 
and  represented  in  Fig.  150. 

At  the  bottom  of  the  pump-barrel  are  two  valves, 
communicating  with  two  separate  reservoirs,  that 
on  the  left  being  an  admission-valve,  and  that  on      conOM^uJ^Pump. 
the  right  an  expulsion-valve. 

When  the  piston  is  now  raised,  rarefaction  is  produced  in  the  re- 
servoir to  the  left;  and  when  it  is  pushed  down,  the  air  in  the  re- 
servoir to  the  right  is  compressed. 

142.  In  Fig.  1 51  is  represented  a  condensing  pump  often  employed. 
At  the  bottom  of  the  pump-barrel  is  a  valve  b  opening  downward; 
in  a  lateral  tube  is  an  admission-valve  a  opening  inward.  The 
position  of  these  valves  is  shown  in  the  figure.  They  are  conical 
metal  stoppers,  fitted  with  a  rod  passing  through  a  hole  in  a  small 
plate  behintfan  arrangement  which  prevents  the  valve  from  over- 
turning. He  rod  is  surrounded  by  a  small  spiral  spring,  which  keeps 
^u  valve  pressed  against  the  opening.  If  now  the  lower  part  of  the 
^Hp-barrel  be  screwed  upon  a  reservoir,  at  each  upward  stroke  of 
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the  piston  the  barrel  will  be  filled  with  air  through  the  valve  a,  and 
at  every  downward  stroke  this  air  will  be  forced  into  the  reservoir. 

If  the  lateral  tube  be  made  to  communicate  with  a  bladder  or  gas- 
holder filled  with  any  gas,  this  gas  will  be  forced  into  the  reservoii*, 
and  compressed. 

148.  Calculation  of  the  EfPect  of  the  Instrument. — The  density  of 
the  compressed  air  after  a  given  number  of  strokes  of  the  piston  may 
easily  be  calculated.  If  t;  be  the  volume  of  the  pump-barrel,  and  V 
that  of  the  reservoir;  at  each  stroke  of  the  piston  there  is  forced  into 
the  reservoir  a  volume  of  air  equal  to  that  of  the  pump-barrel,  which 
gives  a  volume  nv  at  the  end  of  n  strokes.  The  air  in  the  re- 
servoir, accordingly,  which  when  at  atmospheric  pressure  had  den- 
sity D,  and  occupied  a  volume  V  \-nv,  will,  when  the  volume  is 

reduced  to  V,  have  the  density  D— y— *  and  the  pressure  will,  by 

Boyle's  law,  be  -  y—  atmospheres. 

If  this  formula  were  rigorously  applicable  in  all  cases,  there  would 
be  no  limits  to  the  pressure  attainable,  except  those  depending  on 
the  strength  of  the  reservoir  and  the  motive  power  availabla 

But,  in  fact,  the  untraversed  space  left  below  the  piston  when  at 
the  end  of  its  downward  stroke,  sets  a  limit  to  the  action  of  the 
instrument,  just  as  in  the  common  air-pump.  For  when  the  air  in 
the  barrel  is  reduced  from  the  volume  of  the  barrel  v  to  that  of  the 

untraversed  space  v\  its  tension  becomes  H^  and  this  air  cannot 

pass  into  the  reservoir  unless  the  tension  of  the  air  in  the  reservoir 
is  less  than  this  quantity.  This  is  accordingly  the  utmost  limit  of 
compression  that  can  be  attained. 

We  must,  however,  carefully  distinguish  between  the  effects  of 
untraversed  space  in  the  air-pump  and  in  the  compression-pump. 
In  the  first  of  these  instruments  the  object  aimed  at  is  to  rarefy  the 
air  to  as  gi*eat  a  degree  as  possible,  and  untraversed  space  must  con- 
sequently be  regarded  as  a  defect  of  the  most  serious  importance. 

The  object  of  the  condensing  pump,  on  the  contrary,  is  to  com- 
press the  air,  not  indefinitely,  but  up  to  a  certain  point.  Thus,  for 
instance,  one  pump  is  intended  to  give  a  compression  of  five  atmo- 
spheres, another  of  ten,  &;c.  In  each  of  these  cases  the  maker  pro- 
vides that  this  limit  shall  be  reached,  and  accordingly  the  untraversed 
space  can  have  no  injurious  effect  beyond  increasing  the  number  of 
strokes  required  to  produce  the  desired  amount  of  condensation. 


CONTBIVANCES  FOE  PRODUCING  COMPBESSION.  205 

144.  VariooB  Contriv&noes  for  prodnoing  Compression. — Id  order  to 
expedite  the  process  of  compressioo,  several  pumps  such  as  we  liave 
described  are  combined,  which  may  be  done  in  various  waya  Fig. 
152  represents  the  system  employed  by  Begnault  in  his  investi- 
gations connected  with  Boyle's  law  and  the  elastic  force  of  vapour. 
It  consists  of  three  pumps,  the  piston-rods  of  which  are  jointed  to 


three  cranks  on  a  horizontal  axle,  by  means  of  three  connecting-rods. 
This  axle,  which  carries  a  fly-wheel,  is  turned  by  means  of  one  or 
two  handles.  The  different  admission-valves  are  in  communication 
with  a  single  reservoir  in  connection  with  the  external  air,  and  the 
compressed  gas  is  forced  into  another  reservoir  which  is  in  communi- 
cation with  the  experimental  apparatus. 

A  serious  obstacle  to  the  working  of  these  instruments  is  the  heat 
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generated  by  the  compression  of  the  air,  which  expands  the  different 
parts  of  the  instrument  unequally,  and  often  renders  the  piston  so 
tight  that  it  can  scarcely  be  driven.  In  some  of  these  instruments 
which  are  employed  in  the  arts,  this  inooDvenience  is  lessened  by 
keeping  the  lower  valves  covered  with  water,  which  has  the  addi- 
tional advantage  of  getting  rid  of  "untra versed  spaca"  In  this  way 
a  pressure  of  forty  atmospheres  may  easily  be  obtained  with  air. 
Air  may  also  be  compressed  directly,  without  the  intervention  of 
pumps,  when  a  sufficient  height  of  water  can  be  obtained  It  is  only 
necessary  to  lead  the  liquid  in  a  tube  to  the  bottom  of  a  reservoir 
containing  air.  This  air  will*be  compressed  until  its  tension  exceeds 
that  of  the  atmosphere  by  the  amount  due  to  the  height  of  the  sum- 
mit of  the  tube.  It  is  by  a  contrivance  of  this  kind  that  the  com- 
pressed air  is  obtained  which  drives  the  boring-machines  employed 
in  the  tunnel  through  Mont  Cenis. 

145.  Practical  Applications  of  the  Air-pump  and  of  Compressed  Air. 
— Besides  the  use  made  of  the  air-pump  and  the  compression-pump 
in  the  laboratory,  these  instruments  are  variously  employed  in  the 
arts. 

The  air-pump  is  employed  by  sugar-refiners  to  lower  the  boiling 
point  of  the  syrup.  Compression-pumps  are  used  by  sodsrwater 
manufacturers  to  force  the  carbonic  acid  into  the  reservoirs  contain- 
ing the  water  which  is  to  be  aerated.  The  small  apparatus  described 
above  (Fig.  151)  is  sufficient  for  this  purpose;  it  is  only  necessary  to 
fill  the  side-vessel  with  carbonic  acid,  and  to  pour  a  certain  quantity 
of  water  into  the  reservoir  below.  Compressed  air  has  for  several 
years  been  employed  to  assist  in  laying  the  foundations  of  bridges  in 
rivers  where  the  sandy  nature  of  the  soil  requires  very  deep  excava- 
tions. Large  tubes  called  caisson's,  in  connection  with  a  condensing 
pump,  are  gradually  let  down  into  the  river;  the  air  by  its  pressure 
keeps  out  the  water,  and  the  workmen,  who  are  admitted  into  the 
apparatus  by  a  soii  of  lock,  are  thus  enabled  to  walk  on  dry  ground. 

In  pneumatic  despatch  tubes,  which  have  recently  been  established 
in  many  places,  a  kind  of  train  is  employed,  consisting  of  a  piston 
preceded  by  boxes  containing  the  despatches.  By  exhausting  the 
air  at  the  forward  end  of  the  tube,  or  forcing  in  compressed  air  at 
the  other  end,  the  train  is  blown  through  the  tube  with  great  velo- 
city. 

The  atmospheric  railway,  which  was  for  a  few  years  in  existence, 
was  worked  upon  the  same  principle:  an  air-tight  piston  travelled 
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through  a  fixed  tube,  and  was  connected  by  an  ingenious  arrange- 
ment with  the  train  above. 

Excavating  machines  driven  by  compressed  air  are  coming  into 
extensive  use  in  mining  operations.  They  have  the  advantage  of 
assisting  ventilation,  inasmuch  as  the  compressed  air,  which  at  each 
stroke  of  the  machine  escapes  into  the  air  of  the  mine,  cools  as  it 
expands. 

In  the  air-gun  the  bullet  is  projected  by  a  portion  of  compressed 
air  which,  on  pulling  the  trigger,  escapes  into  the  barrel  from  a  re- 
servoir in  which  it  has  been  artificially  compressed 

We  may  add  that  the  large  machines  employed  in  iron- works  for 
supplying  air  to  the  furnaces,  are  really  compression-pumps. 
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146.  The  Baroscope. — Atmospheric  air  exerts,  as  we  have  already 
mentioned  (§  101),  an  upward  pressure  on  bodies  surrounded  by  it 
This  pressure,  according  to  the  principle  of  Archimedes,  which  applies 
to  gases  as  well  as  to  liquids,  is  equal  to  the  weight  of  the  air  dis- 
placed. Hence  it  follows  that  the  weight  of  a  body  in  the  air  is  not  its 
actual  weight,  but  differs  from  it  by  a  quantity  equal  to  the  upward 
pressure  on  the  body.  This  principle  is  illustrated  by  the  baroscope. 
This  is  a  kind  of  balance,  the  beam  of  which  supports  two  balls  of 
very  unequal  sizes,  which  balance  each  other  in  Che  air.     If  the 

apparatus  is  placed  under  the  re- 
ceiver of  an  air-pump,  after  a  few 
strokes  of  the  piston,  the  beam  will 
be  seen  to  incline  towards  the  larger 
ball,  and  the  inclination  will  in- 
crease as  the  exhaustion  proceeds. 
The  reason  is  that  the  air,  before  it 
was  pumped  out,  produced  an  up- 
ward pressure,  which  is  now  re- 
moved. The  weight  of  each  ball  is 
thus  increased  by  that  of  an  equal 
volume  of  air,  whose  density  is  the 
difference  between  the  densities  at 
the  beginning  and  end  of  the  experiment.  This  addition  is  greater 
for  the  larger  ball,  which  therefore  preponderates. 

If  after  exhausting  the  air,  carbonic  acid,  which  is  heavier  than  air, 
were  allowed  to  enter  the  receiver,  the  large  ball  would  be  subjected 
to  a  greater  increase  of  upward  pressure  than  the  small  one,  and  the 
beam  would  incline  to  the  side  of  the  latter. 


Fig.  153.— BaroBCope. 


147.  Balloons. — Suppose  a  body  to  be  lighter  tban  an  equal  volume 
of  air,  then  this  body  will  rise  in  the  atmosphere.  For  «xample,  if 
we  fill  soap-bubbles  with  hydrogen,  and  shake  them  off  from  the  end 
of  the  tube  at  which  they  are  formed,  they  will  be  seen,  if  sufficiently 
large,  to  ascend  in  the  air.  This  curious  experiment  is  due  to  the 
philosopher  Cavallo,  who  announced  it  in  1782,' 

The  same  principle  applies  to  balloons,  which  may  essentially  be 
reduced  to  an  envelope  inclosing  a  gas  lighter  than  air.  In  conse- 
quence of  this  difference  of  density,  we  can  always,  by  taking  a 


Fig.  1M,— Anmt  oT  Swp-bnbbin  BIM  with  nrdiofeiL 

sufficiently  large  volume,  make  the  weight  of  the  ga^  and  containing 
envelope  less  than  that  of  the  air  displaced.  In  this  case  the  balloon 
will  ascend. 

The  invention  of  balloons  is  due  to  the  brothers  Joseph  and  Stephen 
Uon^lfier.     The  balloons  made  by  them  were  globe-shaped,  and 

'  The  firet  ide>  of  %  balloan  muat  be  attributed  to  Fnuicisca  da  Luia,  irho,  about 
1S70,  proposed  to  eihaiut  the  ^  in  globes  of  copper  of  lufficient  size  and  thinnesa  to  wdgb 
leM,  Duder  these  coDditioiu,  than  the  air  displaced.  The  enperimeiit  waa  not  tried,  and 
Bronld  certuniy  not  have  succeeded,  tor  the  preesure  of  the  atmosphere  would  have  caused 
the  g1ob«  t«  collapse.  The  theory,  howeTCT,  vas  tborougbly  undenlood  by  die  Oiuthor, 
who  made  an  exact  calcolation  ot  the  amount  of  force  teitding  to  make  the  ^bei  ascend. 
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constructed  of  paper,  or  of  paper  covered  with  cloth,  the  air  inside 
being  rarefied  by  the  action  of  heat.  It  is  curious  to  remark  that  in 
their  first  attempts  tliey  employed  bydrogea  gas,  and  showed  that 
balloons  filled  with  this  gas  could  ascend.  But  as  the  hydrogen 
readily  escaped  through  the  paper,  the  flight  of  the  balloons  was 
short,  and  thus  the  use  of  hydrogen  was  abandoned,  and  hot  air  was 
alone  employed. 

The  name  mtyntgolfiiree  is  still  applied  in  France  to  fire-balloona 
They  generally  consist  of  an  envelope  with  a  wide  opening  below, 


Fig.  lU.— Pin-tMll<naotPil>tnda  Rouer. 

under  which  is  hung  a  brazier,'  in  which,  at  the  moment  of  ascent, 
combustibles  are  placed,  and  the  ascending  power  of  the  balloon  is 
thus  kept  up  for  some  time. 

The  first  public  experiment  of  the  ascent  of  a  balloon  was  per- 
formed at  Annonay  on  the  5th  June,  1783.  On  October  2l3t  of  tlie 
same  year,  Pilatre  de  Rozier  and  the  Marquis  d'Arlandes  achieved 
the  first  aerial  voyage  in  a  fire-balloon,  represented  in  our  figure, 

Charles  proposed  to  reintroduce  the  use  of  hydrogen  by  employing 

'  A  iponge,  dipped  ia  ipirits  of  wine,  and  ignited,  a  Frequently  employed  ■■  the  source 
nf  heat,  And  a  fixed  in  ita  place  by  a  light  wire-frame. 
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an  envelope  impermeable  to  the  gas.  Tbis  is  usually  made  of  silk 
varnished  on  both  sides,  or  of  two  sheets  of  silk  with  a  sheet  of  india- 
rubber  between.  Instead  of  hydrogen,  coal-gas  is  now  generally 
employed,  on  account  of  its  cheapness  and  of  the  facility  with  which 
it  can  be  procured. 

148,  Buoyancy. — The  buoyancy  or  lifting  power  of  a  balloon  is  the 
(lifierence  between  its  weight  and  that  of  the  air  displaced.  It  is 
easy  to  compare  the  three  modes  of  inflation  with  respect  to  the 
buoyancy  which  they  respectively  afford. 

A  cubic  metre  of  air  weighs I'SOO  grammes. 

A  cubic  metre  of  hydrogen '089        „ 

A  cubic  metre  of  coal-gas about  *750        p, 

A  cubic  metre  of  air  heated  to  200*"  Cent '800        ,, 

We  thus  see  that  the  buoyancy  per  cubic  metre  with  hydrogen  is 
1*211,  with  coal-gas  '550,  and  with  hot  air  about  500  grammes.  If, 
for  instance,  the  total  weight  to  be  raised  is  estimated  at  1500 
grammes,  the  volume  of  a  balloon  filled  with  hydrogen  capable  of 

raising  the  weight  will  be  -^:^=\^'i9  cubic  metres.    If  coal-gas  were 

employed  the  required  volume  would  be  r^  =  2727  cubic  metres. 

The  car  in  which  the  aeronauts  sit  is  usually  made  of  wicker-work 
or  whalebona  It  is  sustained  by  cords  attached  to  a  net-work 
covering  the  entire  upper  half  of  the  balloon,  so  as  to  distribute  the 
weight  as  evenly  as  possible.  The  balloon  terminates  below  in  a 
kind  of  neck  opening  freely  into  the  air.  At  the  top  there  is  another 
opening  in  the  inside,  which  is  closed  by  a  valve  held  to  by  a  spring. 
Attached  to  the  valve  is  a  cord  which  passes  through  the  interior  of 
the  balloon,  and  hangs  above  the  car  within  reach  of  the  hand  of  the 
aeronaut. 

When  the  aeronaut  wishes  to  descend,  he  opens  the  valve  for  a 
few  moments  and  allows  some  of  the  gas  to  escape.  An  important 
part  of  the  equipment  consists  of  sand- bags  for  ballast,  which  are 
gradually  emptied  to  check  too  rapid  descent.  In  the  figure  is 
represented  a  contrivance  called  a  parachute,  by  means  of  which  the 
descent  is  sometimes  effected.  This  is  a  kind  of  large  umbrella  with 
a  hole  at  the  top,  from  the  circumference  of  which  hang  cords  sup- 
porting a  small  car.  When  the  parachute  is  left  to  itself,  it  opens 
out,  and  the  resistance  of  the  air,  acting  upon  a  large  surface, 
moderates  the  rate  of  descent.  The  hole  at  the  top  is  e^ential  to 
safety,  as  it  affords  a  regular  passage  for  air  which  would  otherwise 
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escape  from  time  to  time  tK>m  under  the  edge  of  tlie  paiacliute,  thus 
producing  oscillations  which  might  prove  fatal  to  the  aeronaut 
One  very  important  precaution  to  be  observed  is  not  to  inflate  the 
balloon  completely  at  the 
commencement  of  the  ascent. 
The  reason  is,  that  the  at- 
mospheric pressure  diminish- 
ing as  the  balloon  ascends, 
the  expansive  power  of  the 
gas  contained  produces  an 
increasing  edect,  as  in  the  ex- 
periment described  in  §  IS, 
and  the  result  would  pro- 
bably be  the  bursting  of  the 
balloon.  As  the  balloon  as- 
cends, it  increases  in  volume ; 
but  until  it  is  completely 
inflated,  the  buoyancy  re- 
mains constant  Suppose, 
for  instance,  that  the  atmo- 
spheric pressure  is  reduced 
by  one-half,  the  volume  of 
'''--,  the  balloon  will  be  doubled; 

,    -  ^^-"r-"^         ^,.'";-,  .,        it  will  thus  displace  a  volume 
"    "  "  -     -  ^-^^    s.        of  air  twice  as  great  as  before, 

but  the  density  of  this  air 
will  only  be  half  as  much, 
so  that  the  buoyancy  remains 
the  same.  This  conclusion, 
however,  is  not  quite  exact,  because  part  of  the  balloon,  as  the  cords, 
the  ear,  &c,  are  of  invariable  volume ;  the  density  of  the  air  displaced 
by  them  is  constantly  diminishing,  and  consequently  the  buoyancy 
diminishes  also.  If  the  balloon  continues  to  rise  after  it  is  com- 
pletely inflated,  its  buoyancy  diminishes  rapidly,  becoming  zero  when 
a  stratum  of  air  is  reached  in  which  the  weight  of  the  volume  dis- 
placed is  equal  to  that  of  the  balloon  itself  It  is  carried  past  this 
stratum  in  the  flrst  instance  in  virtue  of  the  velocity  which  it  has 
acquired,  and  Anally  comes  to  rest  in  it  after  a  number  of  oscillations. 
149.  Theory  of  the  Balloon. — The  tension  of  the  air  in  this  stratum, 
the  radius  of  the  balloon,  and  the  weight  of  the  different  parts,  are 
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connected  by  a  relation  wbich  can  be  very  easily  established,  if  we 
neglect  variations  of  temperature,  and  which  may  serve  as  a  guide  in 
the  construction  of  the  balloon.  If  V  be  the  volume  of  the  baUoon 
in  litres,  the  weight  of  air  displaced  in  grammes  is^ 

1-293  Vg, 

h  heing  the  pressure  in  the  stratum  of  equilibrium,  and  H  that  at  the 
surface  of  the  earth.  If  w  and  v  be  the  weight  and  volume  of  the 
solid  parts,  including  the  aeronauts  themselves,  5  the  density  of  the 

gas  in  the  balloon,  the  equation  of  equilibrium  will  be  (V+v)  r293  g 

In  this  equation  w  and  v  include  the  weight  and  volume  of  the 
substance  composing  the  balloon  and  net-work,  and  therefore  are  not 
altogether  independent  of  V,  the  volume  of  the  balloon.  The  equa- 
tion is  thus  in  reality  i-ather  complicated,  but  it  may  be  solved  approxi- 
mately by  trial,  or  by  known  algebraic  methods,  and  we  may  find 
from  it  the  size  of  balloon  necessary  for  reaching  a  stratum  of  a  given 
pressure;  and  by  §  1 12  we  can  find  the  height  corresponding  to  this 
pressure. 

ISO.  Effect  of  the  Air  upon  the  Weight  of  Bodies. — ^The  upward 
pressure  of  the  air  impairs  the  exactness  of  weights  obtained  even 
with  a  perfectly  true  balance,  tending,  by  the  principle  of  the  baro- 
scope, to  make  the  denser  of  two  equal  masses  preponderate.  The 
stamped  weights  used  in  weighing  are,  strictly  speaking,  standards  of 
mass,  and  will  equilibrate  any  equal  masses  in  vacuo ;  but  in  air  the 
equilibrium  will  be  destroyed  by  the  greater  upward  pressure  of  the 
air  upon  the  larger  and  less  dense  body.  When  the  specific  gravities 
of  the  weights  and  of  the  body  weighed  are  known,  it  is  easy  from 
the  apparent  weight  to  deduce  the  true  weight  (that  is  to  say,  the 
mass)  of  the  body. 

Let  X  be  the  real  weight  of  a  body  which  balances  a  weight  marked 
P  pounds. 

The  apparent  weight  of  the  body  is  a?— ^  a=x  (l  — ^)i  D  being 
the  density  of  the  body,  and  a  that  of  air.^    The  body  marked  as 

^  The  weight  of  a  litre  (or  cubic  decimetre  =  61 '027  cubic  inches)  of  diy  air  at  tempera- 
ton  0**  Cent.,  and  pressure  of  760  millimetres  of  mercury,  is  1'293  grammes.  Eeduced  to 
British  measure,  this  gives  32*7  grains  as  the  weight  of  100  cubic  inches. 

*  The  value  of  a  varies  according  to  the  temperature  and  pressure  (see  Chap,  xxiii.)    Its 

ordinary  value  is  about  ^.     (See  §  100.) 


214  UPWARD   PRESSURE  OF  THE  AIR 

weighing  P  pounds  has  in  air  the  apparent  weight  P— ^a=P 

(l  —  ^),  M  denoting  the  density  of  the  substance  of  which  it  is  com- 
posed These  two  apparent  weights  balance  one  another;  hence  we 
have  the  equation 

whence 


1-" 


«!  =  P 


1-D 


""-h-G-s)!"-- 


Let  us  take,  for  instance,  a  piece  of  sulphur  whose  weight  has  been 
found  to  be  100  grains,  the  weights  being  of  copper,  the  density  of 
which  is  8*8.     The  density  of  sulphur  is  2. 

We  have,  by  applying  the  formula. 


'=^''*' h  +  7^  (I- it)  I  "lOOOS  8™i>«- 


We  see  then  that  the  difference  is  not  altogether  insensibla  It 
varies  in  sign,  as  the  formula  shows,  according  as  M  or  D  is  the 
greater.  When  the  density  of  the  body  to  be  weighed  is  less  than 
that  of  the  weights  used,  the  real  weight  is  greater  than  the  apparent 
weight;  if  the  contrary,  the  case  is  reversed.  If  the  body  to  be 
weighed  were  of  the  same  density  as  the  weights  used,  the  real  and 
apparent  weights  would  be  equal.  We  may  remark,  that  in  deter- 
mining the  ratio  of  the  weights  of  two  bodies  of  the  same  density,  we 
need  not  concern  ourselves  with  the  effect  of  the  upward  pressure  of 
the  air,  as  the  correcting  factor,  which  has  the  same  value  for  both 
cases,  will  disappear  in  the  quotient 
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151.  Machines  for  raising  water  have  been  known  from  very  early 
ages,  and  the  invention  of  the  common  pump  is  pretty  generally 
&scnbed  to  Ctesibius,  teacher  of  the  celebrated  Hero  of  Alexandria ; 
but  the  true  theory  of  its  action  was  not  understood  till  the  time  of 
Galileo  and  Torricelli. 

162.  Reason  of  the  Bising  of  Water  in  Pnmps. — Suppose  we  take  a 
tube  with  a  piston  at  the  bottom,  and  immerse  the  lower  end  of  it 
in  water.  The  raising  of  the  piston  tends 
to  produce  a  vacuum  below  it,  and  the 
atmospheric  pressure,  acting  upon  the  ex- 
ternal sui-face  of  the  liquid,  compels  it  to 
rise  in  the  tube  and  follow  the  upward 
motion  of  the  piston.  This  upwai-d  move- 
ment of  the  water  would  take  place  even 
if  some  air  were  interposed  between  the 
piston  and  the  water;  for  on  raising  the 
piston  this  air  would  be  rareGed,  and  its 
pressure  no  longer  balancing  that  of  the 
atmosphere,  this  latter  pressure  would  cause 
the  liquid  to  ascend  in  a  column,  whose 
weight,  added  to  the  pressure  of  the  air 
below  the  piston,  would  be  equal  to  the  — 

ntmospheric  pressure.   This  is  the  principle   _^,         

on  which  water  rises  in  pumpa     These  in-   ^r^-^~    -~-~"  ---'•   -  -—— 
stmments  have  a  considerable  variety  of  ^,  „,,.,„, 

-'  Fig.  ISi.— Prlnoipltuf  auWion-pump. 

forms,  of  which  we  shall  describe  the  most 
important  types. 
153.  Snction-pump. — The  suction-pump  consists  of  a  cylindrical 
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pump-barrel  traversed  by  a  piston,  and  communicating  by  means  of 
a  smaller  tube,  called  the  suction-tube,  with  the  water  in  the  pump- 
welL  At  the  junction  of  the  pump-barrel  and  the  tube  is  a  valve 
opening  upward,  called  the  suction-valve,  and  in  the  piston  is  aa 
opening  closed  by  another  valve,  also  opening  upward. 

Suppose  now  the  suction-tube  to  be  filled  with  air  at  the  atmo- 
spheric pressure,  and  the  water  consequently  to  be  at  the  same  level 

inside  the  tube  and  in  the  well  Suppose 
the  piston  to  be  at  the  end  of  its  downward 
stroke,  and  to  be  now  raised.  This  motion 
tends  to  produce  a  vacuum  below  the  pis- 
ton, hence  the  air  contained  in  the  suction- 
'  tube  will  open  the  suction-valve,  and  rush 
into  the  pump -barrel.  Its  elastic  force 
being  thus  diminished,  the  atmospheric 
pressure  will  cause  the  water  to  rise  in  the 
tube  to  a  height  such  that  the  pressure  due 
to  this  height,  increased  by  the  pressure 
of  the  air  inside,  will  exactly  counter- 
balance the  pressure  of  the  atmosphere.  If 
the  piston  now  descends,  the  suction-valve 
closes,  the  water  remains  at  the  level  to 
which  it  has  been  raised,  and  the  aii*,  being 
compressed  in  the  barrel,  opens  the  piston- 
valve  and  escapes.  At  the  next  stroke 
of  the  piston  the  water  will  rise  still  further, 
and  a  fresh  portion  of  air  will  escape. 

If,  then,  the  length  of  the  suction-tube 
is  less  than  about  30  feet,  the  water  wiU, 
after  a  ceitain  number  of  strokes  of  the  piston,  be  able  to  reach  the 
suction-valve  and  rise  into  the  pump-barrel.  When  this  point  has 
been  reached  the  action  changes.  The  piston  in  its  downward  stroke 
compresses  the  air,  which  escapes  through  it,  but  the  water  also 
passes  through,  so  that  the  piston  when  at  the  bottom  of  the  pump- 
barrel  will  have  above  it  all  the  water  which  has  previously  risen  into 
the  barrel.  If  the  piston  be  now  raised,  supposing  the  total  height  to 
which  it  is  raised  to  be  not  more  than  34  feet  above  the  level  of  the 
water  in  the  well,  as  should  always  be  the  case,  the  water  will  follow 
it  in  its  upward  movement,  and  will  fill  the  pump-barrel.  In  the 
downward  stroke  this  water  will  be  forced  through  the  piston- valve. 


U: 


Fig.  158. — Saction-pnmp. 
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and  ia  the  following  upward  stroke  will  be  discharged  at  the  spout. 
A  fresh  quantity  of  water  will  by  this  time  have  risen  into  the  pump- 
barrel^  and  the  same  operations  will.be  repeated. 

We  thus  see  that  from  the  time  when  the  water  has  entered  the 
pump-barrel,  at  each  upward  stroke  of  the  piston  a  volume  of  water 
is  ejected  equal  to  the  contents  of  the  pump-barreL 

In  order  that  the  water  may  be  able  to  rise  into  the  pump-barrel, 
the  suction- valve  must  not  be  more  than  34  feet  above  the  level  of 
the  water  in  the  well,  otherwise  the  water  would  stop  at  a  certain 
point  of  the  tube,  and  could  not  be  raised  higher  by  any  farther 
motion  of  the  piston. 

Moreover,  in  order  that  the  working  of  the  pump  may  be  such  as 
we  have  described  that  is,  that  at  each  upward  stroke  of  the  piston 
a  quantity  of  water  may  be  removed  equal  to  the  volume  of  the 
pump-barrel,  it  ia  necessary  that  the  piston  when  at  the  top  of  its 
stroke  should  not  be  more  than  34!  feet  above  the  water  in  the  well. 

154.  Condition  that  the  Water  may  reach  the  Pump-barrel. — If  the 
piston  does  not  descend  to  the  bottom  of  the  barrel,  the  water  may 
fall  short  of  rising  to  the  suction- valve,  even  though  the  total  height 
reached  by  the  piston  be  less  than  34  feet.  For,  if  the  piston  when 
at  the  end  of  its  downward  stroke  leaves  below  it  a  space  containing 
air,  the  tension  which  this  air  possesses  when  the  piston  is  raised 
diminishes  by  a  corresponding  quantity  the  height  to  which  the  water 
can  attain.  If,  for  instance,  the  length  of  the  suction- tube  is  33*5  feet, 
aod  the  tension  of  the  air  remaining  above  it  is,  when  at  its  least 
value,  equal  to  the  pressure  of  1  foot  of  water,  it  is  evident  that  the 
total  height  to  which  the  water  can  rise  will  be  less  than  33  feet,  and 
it  will,  in  consequence,  be  unable  to  reach  the  pump-barrel. 

Example.  The  suction- valve  of  a  pump  is  at  a  height  of  27  feet 
above  the  surface  of  the  water,  and  the  piston,  the  entire  length  of 
whose  stroke  is  7*8  inches,  when  at  the  lowest  point  is  31  inches  from 
the  fixed  valve;  find  whether  the  water  will  be  able  to  rise  into  the 
pump-baiTcL 

When  the  piston  is  at  the  end  of  its  downward  stroke,  the  air 
which  it  leaves  below  it  is  at  the  atmospheric  pressure ;  when  the 
piston  is  raised  this  air  becomes  rarefied,  and  its  pressure,  by  Boyle's 

law,  becomes  ^.g  that  of  the  atmosphere;  this  pressure  can  therefore 

balance  a  column  of  water  whose  height  is  34  x  ^g  feet,  or  9*67  feet. 
Hence,  the  maximum  height  to  which  the  water  can  attain  is  34  — 
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9 '67  feet = 24 '33  feet ;  §.nd  consequently,  as  the  suction-tube  is  27  feet 
long,  the  water  will  not  rise  into  the  pump-barrel,  even  supposing 
the  pump  to  be  perfectly  free  from  leakage. 

Practically,  the  pump-barrel  should  not  be  more  than  about  25  feet 
above  the  surface  of  the  water  in  the  well ;  but  the  spout  may  be 
more  than  34}  feet  above  the  barrel,  as  the  water  after  rising  above 
the  piston  is  simply  pushed  up  by  the  latter,  an  operation  which  is 
independent  of  atmospheric  pressure.  Pumps  in  which  the  spout  is 
at  a  great  height  above  the  barrel  are  commonly  called  lift-puvips, 
but  they  are  not  essentially  different  from  the  suction-pump. 

166.  Force  necessary  to  raise  the  Piston. — ^The  force  which  must  be 
expended  in  order  to  raise  the  piston,  is  equal  to  the  weight  of  a 
column  of  water,  whose  base  is  the  section  of  the  piston,  and  whose 
height  is  that  to  which  the  water  is  raised.  Let  S  be  the  section  of 
the  piston,  P  the  atmospheric  pressure  upon  this  area,  h  the  height  of 
the  column  of  water  which  is  above  the  piston  in  its  present  position, 
and  h'  the  height  of  the  column  of  water  below  it ;  then  the  upper 
surface  of  the  piston  Ls  subjected  to  a  pressure  equal  to  P+S  A;  the 
lower  face  is  subjected  to  a  pressure  in  the  opposite  direction  equal 
to  P — SA',  and  the  entire  downward  pressure  is  represented  by  the 
difference  between  these  two,  that  is,  by  S  (h+h"). 

The  same  conclusion  would  be  arrived  at  even  if  the  water  had  not 
yet  reached  the  piston.  In  this  case,  let  I  be  the  height  of  the  column 
of  water  raised;  then  the  pressure  below  the  piston  is  P—SZ;  the 
pressure  above  is  simply  the  atmospheric  pressure  P,  and,  conse- 
quently, the  difference  of  these  pressures  acts  downward,  and  its  value 
is  Si. 

166.  Efficiency  of  Pumps. — From  the  results  of  last  section  it  would 
appear  that  the  force  required  to  raise  the  piston,  multiplied  by  the 
height  through  which  it  is  raised,  is  equal  to  the  weight  of  water 
discharged  multiplied  by  the  height  of  the  spout  above  the  water  in 
the  well.  This  is  an  illustration  of  the  principle  of  work  (§17a). 
As  this  result  has  been  obtained  from  merely  statical  considerations, 
and  on  the  hypothesis  of  no  friction,  it  presents  too  favourable  a  view 
of  the  actual  eflSciency  of  the  pump. 

Besides  the  friction  of  the  solid  parts  of  the  mechanism,  there  is 
work  wasted  in  generating  the  velocity  with  which  the  fluid,  as  a 
whole,  is  discharged  at  the  spout,  and  also  in  producing  eddies  and 
other  internal  motions  of  the  fluid.  These  eddies  are  especially  pro- 
duced at  the  sudden  enlargements  and  contractions  of  the  passages 
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through  which  the  fluid  Sows.  To  these  drawbacks  must  be  added 
loss  from  leakage  of  water,  and  at  the  commencement  of  the  opera- 
tion from  leakage  of  air,  through  the  valves  and  at  the  circumference 
of  the  piston.  In  common  household  pumps,  which  are  generally 
roughly  made,  the  effi.ciency  may  be  as  small  as  25  or  3 ;  that  is  to 
say,  the  product  of  the  weight  of  water  raised,  and  the  height 
through  which  it  is  rained,  may  be  less  than  the  work  done  in  driving 
the  pump  in  the  ratio  of  one  of  these  numbers  to  unity. 

In  Figs.  159  and  160  are  shown  the  means  usually  employed  for 
working  the  piston.  The  first  figure  needs  no  explanation ;'  it  will 
be  seen  that  the  upward  and 
downward  movement  of  the  pis- 
ton ia  efiected  by  means  of  a  lever. 
The  second  figure  represents  an 
arrangement  often  employed,  in 
which   the   alternate   motion   of 


the  piston  is  effected  by  means  of  a  rotatory  motioa     For  this 
purpose  the  piston-rod  T  is  joined  by  means  ot  the  connecting-rod 
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B  to  the  crank  C  of  an  axle  turned  by  a  handle  attached  to  the  fly- 
wheel V. 

157.  Porciag-pninp. — The  forcing-pump  consists  of  a  pump-barrel 
dipping  into  water,  and  having  at  the  bottom  a  valve  opening  up- 
ward. In  communication  with 
the  pump-barret  is  a  side-tube 
with  a  valve  at  the  point  of 
junction  opening  trom  the 
barrel  into  the  tube.  A  solid 
piston  moves  up  and  down  the 
pump-barrel,  and  it  is  evident 
that  when  this  piston  is  raised, 
water  enters  the  barrel  by  the 
lower  valve,  and  that  when 
the  piston  descends,  this  water 

T.r.    -      ^.^T^^-^  -■  —  ig  forced  into  the  side-tube. 

'  ^  "" '~  The  greater  the  height  of  this 

force  required  to  push  the  piston  down,  for  the  resistance  to  be  over- 
come is  the  pressure  due  to  the  column  of  water  raised. 

The  forcing-pump  most  frequently  has  a  short  suction-pipe  leading 
from  the  reservoir,  as  represented  in  Fig.  163.  In  tliis  case  the 
water  is  raised  from  the  reservoir  into  the  barrel  by  atmospheric 
pressure  during  the  upstroke,  and  is  forced  &om  the  barrel  into  the 
ascending  pipe  in  the  down-stroke. 

158.  Flun^r. — When  the  height  to  which  the  water  is  to  be  forced 
is  very  considerable,  the  different  parts  of  the  pump  must  be  very 
strongly  made  and  fitted  together,  in  order  to  resist  the  enormous 
pressure  produced  by  tlie  column  of  water,  and  to  prevent  leakage. 
In  this  case  the  ordinary  piston  stuffed  with  tow  or  leather  washers 
cannot  be  used,  but  is  replaced  by  a  solid  cylinder  of  metal  called  a 
plunger.  Fig.  164  represents  a  section  of  a  pump  thus  constructed- 
The  plunger  is  of  smaller  section  than  the  barrel,  and  passes  through 
a  stuffing-box  in  which  it  fits  air-tight.  The  volume  of  water  which 
enters  the  barrel  at  each  up-stroke,  and  is  expelled  at  the  down-stroke, 
is  the  same  as  the  volume  of  a  length  of  the  piston  equal  to  the  length 
of  stroke;  and  the  hydrostatic  pressure  to  be  overcome  is  proportional 
to  the  section  of  the  plunger,  not  to  that  of  the  barrel  As  the  opera- 
tion proceeds,  air  is  set  free  from  the  water,  and  would  eventuaJly 
impede  the  working  of  the  pump  were  it  not  permitted  to  escape. 
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For  this  purpose  the  plunger  is  pierced  with  a  narrow  passage,  which 
is  opened  from  time  to  time  to  blow  out  the  air. 

The  druoage  of  deep 
mines  is  usually  effected  by 
a  series  of  pumps.  The  water 
is  first  raised  by  one  pump 
to  a  reservoir,  into  which 
dips  the  suction-tube  of  a 
second  pump,  which  sends 
the  water  up  to  a  second 
reservoir,  and  so  on.  The 
piaton-roda  of  the  different 
pumps  are  all  joined  to  a 
single  rod  called  the  spear, 
which  receives  its  motion 
fi^jm  a  steam-engine. 

169.  rire-eaffine. — The 
ordinary  fire-engine  is  form- 
ed by  the  union  of  two  forc- 
ing-pumps which  play  into 

a  common   reservoir,   con-  "s'ciionimd  FormPmT 

taining  in  its  upper  portion 
(called  the  air-chamber)  air  compressed  by  the  working  of  the  engine- 


A  tube  dips  into  the  water  in  this  reservoir,  and  to  the  upper  end 
of  this  tube  is  screwed  the  leather  hose  through  which  the  water  is 
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dischai^eii.  Tbe  piston-roda  are  jointed  to  a  lever,  tbe  ends  of  which 
are  raised  and  depressed  alternately,  so  that  one  piston  is  ascending 
while  the  other  is  descending.  Water  is  thus  continually  being  forced 
into  the  common  reservoir  except  at  the  instant  of  reversing  stroke, 
and  as  the  compressed  air  in  the  air-chamber  performs  the  part  of  a 
reservoir  of  work  (nearly  analogous  to  the  fly-wheel),  the  discharge 
of  water  from  the  nozzle  of  the  hose  is  very  steady. 

The  engine  is  sometimes  supplied  with  water  by  means  of  an 
attached  cistern  (as  in  Fig.  162)  into  which  water  is  poured;  but  it 
is  more  usually  furnished  with  a  suction-pipe  which  renders  it  self- 
feeding. 

160.  Donble-uting*  Pumps. — These  pumps,  the  invention  of  which 
is  due  to  Delabire,  are  often  employed  for  household  purposes.    They 
consist  of  a  pump-barrel  V V  (Fig.  1 65),  with  four  openings  in  it,  A,  A', 
B,B'.     Tbe  openings  A  and  B'  are  in  communication  with  the  suction- 
tube  C;  A'  and  B  are  in  communication  with 
the  ejection  -  tube  C.      The  four  openings  are 
fitted  with  four  valves  opening  all  in  the  same 
direction,  that  is,  Irom  right  to  left,  whence  it 
follows  that  A  and  B'  act  as  suction-valves,  and 
A'  and  B  as  ejection- valves,  and,  consequently, 
in  whichever  direction  the  piston  may  be  moving, 
the  suction  and  ejection  of  water  are  taking  place 
at  the  same  time. 

161.  Botatory  Pump. — Double-acting  pumps 
produce  a  continuous  suction  of  water.  The 
same  end  may  be  attained  by  means  of  rotatory 
pumps,  which  are  largely  used  in  some  countriea 
Tlie  figure  represents  one  of  these  pumps  as  con- 
structed by  Dietz. 

The  pump-barrel  consists  of  a  cylindrical  drum 
B  (Fig.  1C6),  containing  within  it  a  second  cylin- 
der A,  of  less  diameter,  and  of  nearly  the  same 
iJouiiwtta"pnn.u         length,  open  at  tbe  ends,  which  can  be  turned 
about  it«  axis  by  means  of  a  handle;  around  this 
axis  is  a  cam  or  guide  tjiti  mn,  rigidly  fixed  to  one  of  the  ends  of 
the  drum  B.     In  the  box  A  are  four  slits,  into  which  fit  four  blades 
p\  these  latter  are  constantly  guided  by  the  movement  of  one  of 
their  ends  upon  the  cam,  while  the  other  ends  move  along  the  inte- 
rior surface  of  the  drum  B,  and  the  broad  iron  plate  b'a'  ah,  whose 
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distance  from  the  cam  is  ever^liere  equal  to  the  length  of  one  of 
the  blades.  By  means  of  two  holes  in  this  plate,  communication  is  ■ 
established  between  the  pump-barrel 
and  the  suction-tube  C,  and  between 
the  pump-barrel  and  the  ejection-tube 
C.  From  this  arrangement  it  follows, 
that  on  causing  the  box  B  to  rotate  in 
the  direction  shown  by  the  arrow,  a 
partial  vaeuum  will  be  produced  be- 
hind the  tongues,  and  the  water  will 
be  drawn  in  at  this  side,  aad  ejected 
at  the  opposite  side. 

16S.  Hydraulic  Pre88.~The  hydrau- 
lic press  (Fig.  1 67)  consists  of  a  suction 
and  force  pump  aa  worked  by  means 
of  a  lever  turning  about  an  axis  O. 
The  water  drawn  from  the  reservoir 
BF  is  forced  along  the  tube  CC  into 
the  cistern  V.  In  the  top  of  the  cistern  is  an  opening  through 
which   moves  a   heavy  metal   plunger  AA.      This  canies  on   its 


Fig.  IM.— BotstoTir  Pnmp. 


upper  end  a  large  plate  BB,  upon  which  are  placed  the  objects  to 
be  pressed.  Suppose  the  cistern  V  to  be  at  first  empty,  and  the 
piston  A  to  be  carried  by  its  own  weight  to  the  bottom  of  the 
cistern ;  under  these  circumstances,  suppose  the  pump  to  begin  to 
work.  The  cistern  first  begins  to  fill  with  water;  then  the  pressure 
exerted  by  the  piston  of  the  pump  ia  transmitted,  according  to  the 
prinuples  laid  down  in  §  63,  to  the  bottom  of  the  piston  A;  this  piston 
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accordingly  rises,  and  the  objects  to  be  pressed,  being  intercepted 
between  the  plate  and  the  top  of  a  fixed  frame,  are  subjected  to  the 
transmitted  pressure.  The  amouat  of  this  pressure  depends  both  on 
the  I'alio  of  the  sections  of  the  pistons  and  on  the  length  of  the  lever 
used  to  work  the  force-pump.  Suppose,  for  instance,  that  the  dis- 
tance of  the  point  m,  where  the  hand  is  applied,  from  the  point  0,  is 
equal  to  twelve  times  the  distance  10,  and  suppose  the  force  exerted 
to  be  equal  to  fifty  pounds.  By  the  principle  of  the  lever  this  is 
equivalent  to  a  force  of  50  x  1 2  at  the  point  I;  and  if  the  section  of 
the  piston  A  be  at  the  same  time  100  times  that  of  the  piston  of  the 
pump,  the  pressure  transmitted  to  A.  will  be  50  x  12  x  100=60,000 
(wunds.  These  are  the  ordinary  conditions  of  the  press  usually  em- 
ployed in  workahopa  By  drawing  out  the  pin  which  serves  as  an 
axis  at  O,  and  introducing  it  at  0',  we  can  increase  the  mechanical 
advanti^  of  the  lever. 

Two  parts  essential  to  the  working  of  the  hydraulic  press  are  not 
represented  in  tlie  figure.  These  are  a  safety-valve,  which  opens 
when  the  pressure  attains  the  limit  which  is  not  to  be  exceeded;  and, 
secondly,  a  tap  in  the  tube  C,  which  is  opened  when  we  wish  to  put 
an  end  to  the  action  of  the  presa  The  water  then  runs  ofi",  and  the 
piston  A  descends  again  to  the  bottom  of  the  cistern. 

The  hydraulic  press  was  clearly  de.scribed 
by  Pascal,  and  at  a  still  earlier  date  by 
Stevinus,  but  for  a  long  time  remained  prac- 
tically useless;  because  as  soon  as  the  pres- 
sure began  to  be  at  all  strong,  the  water 
escaped  at  the  surface  of  the  piston  A. 
Bramab  invented  the  cupped  leather  colhr, 
which  prevents  the  liquid  from  escaping, 
and  thus  enables  us  to  utilize  all  the  power 
of  the  machine  It  consists  of  a  leather  ring 
AA  (Fig.  168),  bent  so  as  to  have  a  semi- 
circular section.  This  is  fitted  into  a  hollow 
in  the  interior  of  the  sides  of  tlie  cistern,  so 
that  water  passing  between  tlie  piston  and 
cylinder  will  fill  the  concavity  of  the  cupped 
leather  collar,  and  by  pressing  on  it  will 
produce  a  packipg  that  fits  more  tightly  as 
the  pressure  on  the  piston  increases. 

The  hydraulic  press  is  very  extensively  employed  in  the  arts.    It 
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is  of  great  power,  and  may  be  constructed  to  give  pressures  of  two 
or  three  hundred  tons.  It  is  the  instrument  generally  employed 
in  cases  where  very  great  force  is  required,  as  in  testing  anchors 
or  raising  very  heavy  weighta  It  was  used  for  raising  the  sec- 
tions of  the  Britannia  tubular  bridge,  and  for  launching  the  Great 
Eastern. 

15 
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pump-barrel  traversed  by  a  piston,  and  communicating  by  means  of 
a  smaller  tube,  called  the  suction-tube,  with  the  water  in  the  pump- 
welL  At  the  junction  of  the  pump-barrel  and  the  tube  is  a  valve 
opening  upward,  called  the  suction-valve,  and  in  the  piston  is  an 
opening  closed  by  another  valve,  also  opening  upward. 

Suppose  now  the  Buction-tube  to  be  filled  with  air  at  the  atmo- 
spheric pressure,  and  the  water  consequently  to  be  at  the  same  level 
inside  the  tube  and  in  the  well  Suppose 
the  piston  to  be  at  the  end  of  its  downward 
stroke,  and  to  be  now  raised.  This  motion 
tends  to  produce  a  vacuum  below  the  pis- 
'•:  ton,  hence  the  air  contained  in  the  suction- 
,  tube  will  open  the  suction-valve,  and  ruah 
into  the  pump-barrel.  Its  elastic  force 
being  thus  diminished,  the  atmospheric 
pressure  will  cause  the  water  to  rise  in  the 
tube  to  a  height  such  that  the  pressure  due 
to  this  height,  increased  by  the  pressure 
of  the  air  inside,  will  exactly  counter- 
balance the  pressure  of  the  atmosphere  If 
the  piston  now  descends,  the  suction-valve 
closes,  the  water  remains  at  the  level  to 
which  it  has  been  raised,  and  the  air,  being 
compressed  in  the  barrel,  opens  the  piston- 
valve  and  escapes.  At  the  next  stroke 
of  the  piston  the  water  will  rise  still  further, 
_____  and  a  fresh  portion  of  air  will  escape. 

'        "    ~  If,  then,  the  length  of  the  suction-tube 

*"  "°      *™''^  is  less  than  about  30  feet,  the  water  will, 

after  a  certMn  number  of  strokes  of  the  piston,  be  able  to  reach  the 
suction-valve  and  rise  into  the  pump-barreL  When  this  point  has 
been  reached  the  action  changes.  The  piston  in  its  downward  stroke 
compresses  the  air,  which  escapes  through  it,  but  the  water  also 
passes  through,  so  that  the  piston  when  at  the  bottom  of  the  pump- 
barrel  will  have  above  it  all  the  water  which  has  previously  risen  into 
the  barrel.  If  the  piston  be  now  raised,  supposing  the  total  height  to 
which  it  is  raised  to  be  not  more  than  34  feet  above  the  level  of  the 
water  in  the  well,  as  should  always  be  the  case,  the  water  will  follow 
it  in  its  upward  movement,  and  will  fill  the  pump-barrel.  In  the 
downward  stroke  this  water  will  be  forced  through  the  piston-valve. 
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and  in  the  following  upward  stroke  will  be  discharged  at  the  spout. 
A  fresh  quantity  of  water  will  by  this  time  have  risen  into  the  pump- 
barrel^  and  the  same  operations  will  .be  repeated. 

We  thus  see  that  from  the  time  when  the  water  has  entered  the 
pump-ban-el,  at  each  upward  stroke  of  the  piston  a  volume  of  water 
is  ejected  equal  to  the  contents  of  the  pump-barreL 

In  order  that  the  water  may  be  able  to  rise  into  the  pump-barrel, 
the  suction- valve  must  not  be  more  than  34  feet  above  the  level  of 
the  water  in  the  well,  otherwise  the  water  would  stop  at  a  certain 
point  of  the  tube,  and  could  not  be  raised  higher  by  any  farther 
motion  of  the  piston. 

Moreover,  in  order  that  the  working  of  the  pump  may  be  such  as 
we  have  described,  that  is,  that  at  each  upward  stroke  of  the  piston 
a  quantity  of  water  may  be  removed  equal  to  the  volume  of  the 
pump-barrel,  it  is  necessary  that  the  piston  when  at  the  top  of  its 
stroke  should  not  be  more  than  34  feet  above  the  water  in  the  welL 

154.  Condition  that  the  Water  may  reach  the  Pump-barrel. — If  the 
piston  does  not  descend  to  the  bottom  of  the  barrel,  the  water  may 
fall  short  of  idsing  to  the  suction- valve,  even  though  the  total  height 
reached  by  the  piston  be  less  than  34  feet  For,  if  the  piston  when 
at  the  end  of  its  downward  stroke  leaves  below  it  a  space  containing 
air,  the  tension  which  this  air  possesses  when  the  piston  is  raised 
diminishes  by  a  corresponding  quantity  the  height  to  which  the  water 
can  attain.  If,  for  instance,  the  length  of  the  suction-tube  is  33*5  feet, 
and  the  tension  of  the  air  remaining  above  it  is,  when  at  its  least 
value,  equal  to  the  pressure  of  1  foot  of  water,  it  is  evident  that  the 
total  height  to  which  the  water  can  rise  will  be  less  than  33  feet,  and 
it  will,  in  consequence,  be  unable  to  reach  the  pump-barreL 

Example  The  suction-valve  of  a  pump  is  at  a  height  of  27  feet 
above  the  surface  of  the  water,  and  the  piston,  the  entire  length  of 
whose  stroke  is  7*8  inches,  when  at  the  lowest  point  is  31  inches  from 
the  fixed  valve;  find  whether  the  water  will  be  able  to  rise  into  the 
pump-baiTel. 

When  the  piston  is  at  the  end  of  its  downward  stroke,  the  air 
which  it  leaves  below  it  is  at  the  atmospheric  pressure ;  when  the 
piston  is  raised  this  air  becomes  rarefied,  and  its  pressure,  by  Boyle's 

law,  becomes  j^Tg  that  of  the  atmosphere;  this  pressure  can  therefore 

8'1 

balance  a  column  of  water  whose  height  is  34  x  ^g  feet,  or  9*67  feet. 
Hence,  the  maximum  height  to  which  the  water  can  attain  is  34  -~ 


228 


EFFLUX  OF  LIQUIDS — TORRICELLl'S  THEOREM. 


separate  figures,  a  disc  pierced  with  a  circular  hole,  and  capable  of 
being  turned  in  any  direction  about  a  horizontal  axis  passing  through 
its  centre.  In  this  way  the  disc  can  always  be  placed  in  such  a 
position  that  its  plane  shall  be  at  right  angles  to  the  liquid  jet,  and 
that  the  jet  shall  pass  freely  and  exactly  through  its  centra  The 
index  line  then  indicates  the  range  of  the  parabolic  jet  with  con- 
siderable precision.  This  range  is  reckoned  from  the  vertical  plane 
containing  the  orifices,  and  is  measured  on  the  horizontal  plane 
passing  through  the  centre  of  the  disc.  The  distance  of  this  latter 
plane  below  the  lowest  orifice  is  equal  to  that  between  any  two  con- 
secutive orifices. 

The  following  is  the  way  in  which  the  result  of  an  experiment  is 
estimated.  Let  b  be  the  height  of  the  orifice  above  the  horizontal 
plane  through  the  centre  of  the  ring,  and  let  a  be  the  range  of  the 
jet  If  the  liquid  molecules  were  simply  falling  from  a  height,  6, 
they  would  traverse  this  space  in  a  time  given  by  the  formula 

2  • 

On  the  other  hand,  if  they  were  simply  obeying  the  force  of  ejection 
at  the  orifice,  they  would,  by  virtue  of  their  initial  velocity  a?,  tra- 
verse the  distance  a  in  the  same  time  t,  whence  we  have 

a  —  xt. 
Eliminating  t  between  these  two  equations,  we  have 


.    ga* 


whence 


=•  ^/ib' 


On  comparing  this  velocity  with  that  given  by  Torricelli's  theorem, 
there  is  generally  found  to  be  a  small  ditference  between  them,  as  is 
shown  in  the  subjoined  table: — 


Head. 

Jet. 

Velocity. 

Ratio  of  acttuU 

to  tbeciretical 

▼elooity. 

a. 

b. 

AetaaL 

nieoretical. 

metres. 
2-29 
8-93 

7-17 

metres. 
6-28 
4-66 
1-41 

metres. 
7-63 
8-45 
6-25 

6-65 

8-67 

11-67 

6-70 

8-70 

11-88 

•993 
•988 
•988 

164.  InterBection  of  Jets. — If  Torricelli's  theorem  is  correct,  the 
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value  of  X  just  found  ought  to  be  equal  to  V2  grA ;  thus,  we  have  the 
equation 

«  a/j^  =  y/2gh,  whence  a«=  4  bh.  (8) 

From  this  a  curious  result  may  be  deduced :  it  will  be  seen  that  if  h 
and  b  vary  in  such  a  manner  that  their  produce  remains  constant,  the 
value  of  a  will  remain  unchanged  This  law  may  easily  be  verified 
experimentally.  It  is  only  necessary  to  open  at  the  same  time  the 
top  and  bottom  orifices,  or  the  second  and  fourth ;  the  result  will 
be  two  jets  which  will  intersect  one  another  at  the  centre  of  the 
ring. 

We  may  remark,  however,  that  the  verification  of  this  law  does  not 
prove  Torricelli's  theorem,  for  the  result  would  be  the  same,  if  in  (3) 
the  constant  4  were  replaced  by  any  other  constant;  it  proves,  how- 
ever, that  the  velocity  is  proportional  to  the  square  root  of  the  head 
of  water,  and  not  to  the  head  itself,  as  was  formerly  believed. 

165.  Quantity  of  Liquid  Discharged. — It  would  appear  at  first  sight 
that  Torricelli's  theorem  could  be  tested  by  a  very  simple  and  decisive 
experiment  Suppose  the  level  of  the  liquid  in  a  vessel  to  be  main- 
tained constant,  and  the  volume  of  the  liquid  which  escapes  through 
an  orifice  during  a  certain  time  to  be  measured.  This  can  be  com- 
pared with  the  volume  calculated  a  priori,  by  assuming  that  the 
quantity  discharged  in  a  unit  of  time  is  equal  to  a  cylinder  whose 
base  is  the  section  of  the  orifice  and  height  the  velocity;  so  that  the 
quantity  which  escapes  in  time  t  will  be  given  by  the  formula 

8  being  the  section  of  the  orifice.  Now,  in  all  the  experiments  which 
have  been  performed,  when  the  orifice  is  a  simple  perforation  in  a  thin 
plate,  the  actual  discharge  has  been  found  to  be  less  than  this,  being 
generally  about  '6  of  it 

This  discrepancy  arises  from  neglecting  the  fact,  that  the  particles 
of  liquid  at  the  margin  of  the  jet  have  a  converging  motion,  in  con- 
sequence of  which  the  jet  contracts  rapidly  for  a  small  distance  after 
issuing  from  the  orifice.  Beyond  this  small  distance  the  contraction 
is  very  gradual,  depending  only  on  the  continued  action  of  gravity. 
The  portion  which  forms  the  termination  of  the  rapid  contraction,  is 
called  the  contracted  vein,  or  vena  contracta,  and  its  section  appears 
to  be  about  '6  of  that  of  the  orifica  If,  then,  in  the  above  formula 
we  make  8  denote  the  section  of  the  contracted  vein,  we  shall  obtain 
results  agreeing  with  experiment 
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166.  Efflux-tubes. — This  explanation  is  confirmed  by  the  effect  of 
efflux-tubes.  These  are  pipes  not  exceeding  a  few  inches  in  length, 
which  are  fitted  to  the  holes  in  the  side  of  the  vesseL  If,  for  instance, 
a  tube  of  cylindrical  form  is  employed,  the  contraction  will  be  pre- 
vented by  the  adherence  of  the  liquid  to  the  sides  of  the  tube ;  the 
section  of  the  jet  is  then  the  same  as  that  of  the  tube.  In  this  case, 
if  the  velocity  be  measured,  it  will  be  found  to  be  less  than  when  the 
orifice  is  a  hole  in  a  thin  plate;  but,  on  multiplying  the  velocity  thus 
obtained  by  the  section  of  the  tube,  we  shall  obtain  a  result  agreeing 
with  the  actual  discharge. 

The  apparatus  above  described  enables  us  to  estimate  the  differences 
in  velocity  caused  by  efflux-tubes.  For  this  purpose  a  sliding  plate 
is  used,  with  one  orifice  and  two  efflux-tubes,  one  cylindrical,  the 
other  conical;  by  sliding  the  plate  the  liquid  can  be  made  to  flow  out 
of  either  of  these  tubes. 

167.  Efflux  through  Pipes. — When  the  liquid,  instead  of  escaping 
through  a  short  spout,  flows  through  a  long  tube,  the  velocity  is  con- 
siderably reduced  by  the  friction  of  the  molecules  against  each  other, 
and  against  the  sides  of  the  tube.  This  velocity  is  also  not  the  same 
at  all  points  in  the  same  section;  it  is  least  where  the  liquid  is  in 
contact  with  the  tube,  and  is  greatest  in  the  centre  of  the  liquid 
column.  When  a  uniform  delivery  has  been  established,  the  quantity 
of  water  which  passes  in  each  unit  of  time  is  constant,  and  is  the  same 
for  all  sections ;  and  the  average  velocity  across  any  section  will  be 
obtained  by  dividing  the  volume  discharged  in  a  second  by  the  sec- 
tional area;  Many  experiments  have  been  performed  with  the  view 
of  determining  this  velocity  in  a  certain  number  of  particular  cases^ 
and  certain  empirical  rules  have  thus  been  arrived  at.  It  is  difficult 
to  treat  the  subject  rationally,  or  to  establish  results  that  shall  be 
perfectly  general 

168.  Fountains. — If  the  lower  end  of  a  water-pipe  be  connected 
with  a  mouth-piece  pointing  vertically  upwards,  the  liquid  on  issuing 
from  the  opening  will  rise  in  a  vertical  jet  to  a  height  depending  on 
the  velocity  of  efflux.     If  there  were  no  resistance,  this  height  would 

be  that  due  to  the  velocity,  namely  g^,  according  to  the  formulse  of 

§  38 ;  but  this  is  not  actually  the  case.  The  friction  of  the  liquid 
against  itself,  and  the  weight  of  the  particles  which  fall  back  upon 
the  rest,  counteract  the  tendency  to  ascend  The  effect  of  this  last 
cause  can  be  somewhat  diminished  by  slightly  inclining  the  jei 
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169.  Efflux  of  a  Liqaid  in  contact  with  Confined  Air.— When  the 
surface  of  the  liquid  is  in  contact  with  a  volume  of  air  whose  pressure 
varies,  the  velocity  of  efflux  is  aflFected  by  this  variation.  Let  A  B  C  D 
be  a  closed  vessel  filled  with  a  liquid  as  far  as  M  N,  and  let  the  space 
above  contain  air  at  the  atmospheric  pressure. 
If  a  small  orifice  be  opened  below,  the  liquid 
will  begin  to  flow  out ;  but  the  air  above  will 
become  gradually  rarefied,  until  at  length  its 
pressure,  together  with  that  due  to  the  depth  of 
liquid,  will  be  equal  to  that  of  the  atmosphere ; 
when  this  happens  the  liquid  will  cease  to  flow, 
unless  the  circumstances  are  such  that  air-bubbles  can  enter.  Let  us 
see  what  will  be  the  height  of  the  liquid  column  in  the  vessel  when 
the  flow  ceases.  Let  A  C=Z,  A  M=A,  and  let  p  be  the  height  of  a 
column  of  the  liquid  which  will  balance  the  pressure  of  tlie  atmo- 
sphere. The  air,  which  at  the  beginning  of  the  experiment  had  a 
volume  Z— A,  and  a  pressure  p,  will  now  have  a  volume  l—x,  and 

consequently  a  pressure  p  ^Zi  >  "^^  have  then 


Pig.  170. 


whence 


i-h 

._P  + 1±  y/{p+l)*-i  v'h 


The  —  sign  alone  can  be  taken  with  the  radical, 
siuce  X  must  be  less  than  L  This  case  of  equili- 
brium occurs  in  several  well-known  experiments. 

Pipette. — This  is  a  glass  tube  (Fig.  171)  open  at 
both  ends,  and  terminating  below  in  a  small  taper- 
ing spout.  If  a  certain  quantity  of  water  be  intro- 
duced into  the  tube,  either  by  aspiration  or  by 
direct  immersion  in  water,  andni^he  upper  end  be* 
closed  with  the  finger,  the  efflux  of^the  liquid  will 
cease  after  a  few  seconds.  On  admitting  the  air 
above,  the  efflux  will  begin  again,  and  can  again  be 
stopped  at  pleasure. 

Tlte  Magic  FuniieL — This  funnel  is  double,  as  is  shown  in  Fig. 
172.  Near  the  handle  is  a  small  opening  by  which  the  space  between 
the  two  funnels  communicates  with  the  external  air.  Another 
opening  connects  this  same  space  with  the  tube  of  the  inner  funnel. 
If  the  interval  between  the  two  funnels  be  filled  with  any  liquid, 


Fig.  171.— Pipette. 
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this  liquid  will  run  out  or  will  ceaae  to  flow  Etccording  as  the  upper 
hole  is  open  or  closed.  The  opening  and  closing  of  the  bole  can  be 
easily  eflected  wi  th  tfa  e  thumb 
of  the  band  holding  the  fun- 
nel without  the  knowledge  of 
the  spectator.  This  device 
has  been  known  from  very 
early  times. 

The   instrument  may   be 

used  in  a  still  more  carious 

manner.     For  this  purpose 

the  space  inside  is  secretly 

filled  with   highly -coloured 

wine,    which    is    prevented 

vig.  IT!.— Hagic  FuDDsL  from  escaping  by  clodng  the 

opening  above. 

Water  is  then  poured  into  the  central  funnel,  and  escapes  either 

by  itself  or  mised  with  wine,  according  as  the  thumb  closes  or  opens 


the  orifice  for  the  admission  of  air.  In  the  second  case,  the  water 
being  coloured  with  the  wine,  it  will  appear  that  wine  alone  is 
issuing  from  the  fuunel;  thus  the  operator  will  appear  to  have  the 
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pover  of  makiDg  either  water  or  vine  fiow  &om  the  vessel  at  his 
pleasure. 

The  iTiexkaustibh  Bottle. — The  inexhaustible  bottle  is  a  toy  of  the 
3ame  kind  It  is  an  opaque  bottle  of  sheet-iron  or  gutta-percha, 
containing  within  it  five  small  vials.  These  communicate  with  the 
exterior  b;  five  small  holes,  which  can  be  closed  by  the  five  fingers 
of  the  hand.  Each  vial  has  also  a  small  neck  which  passes  up  the 
large  neck  of  the  bottle.  The  five  vials  are  filled  with  five  different 
liquids,  any  one  of  which  can  be  poured  out  at  pleasure  by  uncovering 
the  corresponding  hole. 

170.  Intermittent  Fonntain.  — The  intermittent  fountain  is  an 
apparatus  analogous  to  the  preceding,  except  that  the  interruptions 
in  the  efflux  are  produced  auto- 
matically by  the  action  of  the 
instrument,  without  the  inter- 
vention of  the  operator.  It 
consists  of  a  globe  V,  which  can 
be  hermetically  closed  by  means 
of  a  stopper,  and  can  be  put 
in  communication  with  efflux- 
tubes  a,  by  which  the  water 
contained  in  it  can  escape.  A 
vertical  tube  t  rises  nearly  to 
the  top  of  the  globe,  and  ter- 
minatea  below  at  a  short  dis- 
tance fit>m  the  bottom  of  the 
basin  &.  This  basin  is  pierced 
with  a  small  opening  o,  by 
which  the  water  contained  in 
it  escapes  into  the  lower  basin 
C.  Suppose  the  globe  to  be 
filled  with  water,  and  com- 
munication with  the  efflux-  j^  lT<._InU,nniHfflit  Founum. 
tabes  to  be  established,  then 

the  liquid  will  fiow  into  the  basin  B,  and  thence  into  C.  But  the 
size  of  the  opening  o  is  such  that  it  suffers  less  water  to  escape  than 
passes  out  by  the  efflux-tubea ;  the  liquid  will  therefore  accumulate 
in  B,  and  will  finally  cover  the  bottom  of  the  tube  t  Communication 
between  the  external  air  and  the  upper  part  of  the  globe  will  then 
be  cut  off,  and  the  liquid  will  after  a  few  moments  cease  to  flow. 
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But  as  the  basio  B  continues  to  be  emptied  by  the  opening  o,  tlie 
liquid  in  the  basin  wiU  sink  below  the  end  of  tbe  tube;  air  will  then 
enter  tbe  globe,  tbe  liquid  will  again  begin  to  issue  from  the  efflux- 
tubes,  and  so  on. 

171.  Siphon. — The  object  of  the  siphon  is  the  transference  of  liquid 
from  one  vessel  to  another.  It  essentially  consists  of  a  bent  tube 
(Fig.  175J  with  branches  of  unequal  length.     The  short  branch  dips 


into  the  liquid  to  be  transferred,  the  other  opens  directly  into  the 
air.  If  we  suppose  the  siphon  full  of  liquid,  it  is  easy  to  see  that  the 
liquid  will  ilow-from  the  short  to  the  long  branch. 

For  if  we  consider  (Fig.  176j  a  layer  of  liquid  M,  at  the  highest 
point  of  the  siphon,  this  layer  will  be  subjected  to  a  pressure  from 
left  to  right  equal  to  the  atmospheric  pressure  diminished  by  the 
height  DC,  or  MI. 

Let  this  latter  height  be  h,  and  let  H  be  the  external  pressure 
expressed  as  the  height  of  an  equivalent  column  of  the  liquid,  then 
the  pressure  from  left  to  riglit  will  be  H  —  k.  The  pressure 
from  right  to  left  will  be  H  —  EF  =  H  —  h'.  Now  as  ^'  is  greater 
than  k,  the  first  pressure  will  overcome  the  second,  and  tbe  layer  M 
will  consequently  move  from  left  to  right.     But  if  the  height  of 
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M 


A    C 


B 


Fig.  176. 


J 


the  smaller  branch  be  less  than  H^  the   liquid  cannot  separate, 

for  the  pressure  of  the  atmosphere  would  immediately  fill  up  the 

vacuum  which  would  be  formed.      Thus  the 

liquid  will   continue  to  flow  uninterruptedly 

until  the  liquid  in  the  vessel  AB  has  fallen 

below  the  level  of  the  end  of  the  shorter  branch 

of  the  siphon. 

The  force  causing  the  liquid  to  flow  is  the  pres- 
sure represented  by  a  column  of  liquid  h'  —  h, 
the  velocity  of  efflux  is  thus  equal  to  V2^  (A' -A), 
friction  being  neglected. 

In  the  above  reasoning  we  have  supposed  the 
external  pressure  H  to  be  the  same  at  C  and  at 
F.  This  is  evidently  the  case  when  the  pres- 
sure is  that  of  the  atmosphere.  If  we  suppose  the 
surrounding  medium  to  be  of  a  density  such  that  the  variation  of  pres- 
sure for  the  levels  AB  and  KF  cannot  be  neglected,  the  expression  for 
the  velocity  must  be  modified  Let  d  be  the  density  of  the  liquid,  df 
that  of  the  surrounding  medium,  the  excess  of  pressure  from  left  to 
right  is  represented  by  the  weight  of  a  liquid  column  of  density  d^  and 
of  height  h/—hy  diminished  by  the  weight  of  a  column  of  the  same 
height  of  density  d'\  that  is,  it  is  given  by  the  expression  Qt—h)  d— 
{hf—h)  d'  =  ih'—h)  {d—dy  Now  the  height  m  of  the  liquid  which 
would  produce  the  same  pressure  is  given  by  the  equation  md=. 
Qi'-h)  (d-dy    Thus  the  velocity  of  efflux  will  be 

^      /  2  g  {h^kl~{d~d') 


V^VT 


gm 


In  the  case  (which  could  scarcely  occur  in  practice),  where  d'  is 
greater  than  d,  the  pressure  from  left  to  right  will  be  negative ;  that 
is,  the  excess  of  pressure  wUl  be  from  right  to  lefb.  The  liquid  will 
then  flow  from  right  to  left,  and  with  a  velocity  given  by  the  above 
formula  if  d—d'  is  replaced  by  d'^d, 

172.  Starting  the  Siphon. — In  order  that  the  siphon  should  work, 
it  must  first  be  charged  with  liquid.  This  is  effected  in  various  ways. 
When  the  liquid  can  be  taken  into  the  mouth  without  danger,  the 
charging  can  be  effected  (Fig.  177)  by  sucking  at  a  side-tube  attached 
to  the  long  branch. 

This  method  is  inapplicable  to  liquids  which  would  have  an 
injurious  effect  upon  the  mouth.  The  following  method  is  often 
employed  in  the  transfer  of  sulphuric  acid  from  one  vessel  to  another. 
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The  long  braDch  of  the  siphon  (^g-  178)  ia  first  filled  with  sul- 
phuric acid.    This  is  effected  by  means  of  two  funnels  (which  can  be 
plugged  at  pleasure)  at  the  bend 
of  the  tube.     One  of  these  ad- 
mits the  liquid,  and  the  other 
>  suffers  the  air  to  escape.      The 

two  funnels  above  are  then  clos- 
ed, and  the  tap  at  the  lower  end 
of  the  tube  is  opened  so  as  to 
allow  the  liquid  to  escape.  The 
air  in  the  short  branch  follows 
the  acid,  and  becomes  rarefied; 
the  acid  behind  it  rises,  and  If  it 
passes  the  bend,  the  siphon  will 
be  charged ;  for  each  portion  of 
the  liquid  which  issues  from  the 
tube  will  draw  a  corresponding 
portion  from  the  short  to  the 
long  branch. 

To  insure  the,working  of  the  sulphuric  acid  siphon,  it  is  not  suffi- 
cient to  have  the  vertical  height  of  the  long  branob  greater  than  that 
of  the  short  branch;  it  is 
farther  necessary  that  it  should 
exceed  a  certain  limit,  which 
depends  upon  the  dimensions 
of  the  siphon  in  each  particu- 
lar case.  In  order  to  calculate 
this  limit,  we  must  remark 
that  when  the  liquid  begins  to 
flow,  its  height  diminishes  in 
the  long  and  increases  in  the 
short  branch ;  if  these  two 
heights  should  become  equal, 
there  would  be  equilibrium. 
We  see,  then,  that  in  order  that  the  siphon  may  work,  it  is  neceasaiy 
that  when  the  liquid  rises  to  the  bend  of  the  tube,  there  should  be  in 
the  long  branch  a  colunm  of  liquid  whose  vertical  height  is  at  least 
-  equal  to  that  of  the  short  branch,  which  we  shall  denote  by  h,  and 
the  actual  length  of  the  short  branch  from  the  surface  of  the  liquid 
in  which  it  dips  to  the  summit  of  the  bend  by  k'.     Then  if  a  be  the 
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iodination  of  the  long  branch  to  the  vertical,  and  L  the  length  of  the 
long  branch,  which  we  suppose  barely  sufficient,  the  length  of  the 
column  of  liquid  remaining  in  the  long  branch  will  be  h  sec  a-  The 
air  which  at  atmospheric  preaaure  H  occupied  the  length  h',  now 
under  the  pre'tsare  H  —  h  occupies  a  length  L  —  A  sec  « ;  hence,  by 
Boyle's  law,  we  have 

HA'  =  (H-i)  (L-Amw  a),  whence  L=A»eco  +^^- 

In  this  formula  H  denotes  the  height  of  a  column  of  sulphuric  acid 
whose  pressure  equals  that  of  the  atmosphere. 

173.  Va»e  of  Tantalus. — The  siphon  may  be  employed  to  produce 
tbe  intermittent  How  of  a  liquid.      Suppose,  for  instance,  that  we 
have  a  vase  in  which  is  a  bent  tube 
rising  to  a  height  n,  and  with  the 
short  branch  terminating  near  the  '  ' 

bottom  of  the  vase,  while  the  long 
branch  passes  through  the  bottom. 
If  liquid  be  poured  into  the  vase, 
tbe  level  will  gnwlually  rise  in  tbe 
short  branch  of  the  bent  tube,  and 
will  finally  reach  and  pass  the  point 
n,  when  the  siphon  will  begin  to 
discharge  (he  liquid.     If,  then,  we 

suppose  the  liquid  to  eiwape  by  the  pig,  it»._vim  of  Taataias. 

siphon  faster  than  it  is  poured  into 

the  vessel,  tbe  level  of  the  liquid  will  gradually  fall  below  the  ter- 
mination of  the  shorter  branch.  Tbe  siphon  will  then  empty  itself, 
and  will  not  recommence  its  action  tiU  the  liquid  has  again  risen  to 
tbe  level  of  the  bend. 

If  the  cup  is  made  of  metal  with  the  siphon  concealed  in  the  thick- 
ness of  the  sides,  when  a  person  in  lifting  it  to  his  lips  inclines  it  to 
the  side  in  which  the  siphon  is,  the  siphon  will  become  charged,  and 
will  empty  the  vessel  Hence  the  name  vase  of  Tantalus  given  to 
this  cup  in  old  treatises  on  physics.  Instead  of  a  bent  tube  we  may 
employ,  as  in  the  firet  figure,  a  straight  tube  covered  by  a  bell-glass 
lefl  open  below;  in  this  case  tbe  space  between  the  tube  and  the  bell 
takes  the  place  of  the  shorter  leg  of  the  siphon. 

It  is  to  an  action  of  this  kind  that  natural  intermittent  springs  are 
generally  attributed.  Suppose  a  reservoir  (Fig.  180)  to  communicate 
with  an  outlet  by  a  bent  tube  forming  a  siphon,  and  suppose  it  to 
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be  fed  by  a  stream  of  water  at  a  slower  rate  than  the  sipbon  is  able 
to  discharge  it.  When  the  water  has  reached  the  bend,  the  siphon 
will  become  charged,  and  the  reservoir  will  be  emptied;  it  will  then 
be  filled  again  a^  far  as  the  bend,  and  so  on. 

174.  Hajiotte's  Bottle.— This  is  an  apparatus  oflen  employed  to 
obtain  a  continuous  flow  of  water.  It  consists  of  a  flask  whose  cork 
is  pierced  by  a  straight  tube  open  at  both  ends,  and  with  the  lower 


extremity  descending  to  a.  An  effiux-tnbe  is  placed  at  h  near  the 
bottom  of  the  flask.  Suppose  that  the  flask  is  full  of  water,  and  that 
the  tube  is  afao  futt  to  the  upper  end.  If  the  tube  b  be  now  opened, 
the  liquid  molecules  at  the  oriflce  will  be  pressed  inwards  with  a 
force  equal  to  the  atmospheric  pressure,  bnt  will  be  pressed  outwards 
with  a  force  exceeding  this  pressure  by  the  height  of  the  column  of 
water  as  far  as  the  upper  end  of  the  tube.  The  liquid  will  therefore 
flow  out;  but  no  vacuum  will  be  produced  in  the  upper  part  of  the 
flask,  for  the  pressure  of  the  atmosphere  will  compel  the  liquid  in  the 
tube  to  replace  that  which  escapea  The  level  of  the  liquid  in  the 
tube  will  thus  rapidly  fall,  and  the  velocity  will  gradually  decrease, 
as  will  be  seen  by  the  diminished  range  of  the  jel  When  the  liquid 
reaches  the  point  a,  the  efflux  will  continue;  but  then  air  will  enter 
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the  vase  in  successive  bubbles,  and  will  rise  to  the  upper  part  of  the 
vase,  in  auch  quantity  that  its  pressure,  together  with  that  of  the 
height  of  water  above  the  horizontal  plane  through  a,  will  maintaia 
a  pressure  on  this  plane  equal  to  that  of  the  atmosphere.  From  this 
time  the  liquid  will  flow  with  a  constant  velocity  due  to  the  height 
of  a  above  b.  Strictly  speaking,  inasmuch  as  the  air  enters,  not  in 
a  continuous  manner,  but  in  successive  bubbles,  that  is,  in  jerks,  the 
velocity  of  discharge  oscillates  about  a  constant  mean  value,  but  the 
oscillations  are  in  general  almost  imperceptible.     Instead  of  the  ver- 


tical tube,  we  may  use  a  vase  with  two  openings  at  different  levels; 
the  liquid  escapes  by  the  lower  orifice  6,  while  air  enters  by  the  upper 
orifice  a.  Mariotte's  vase  is  sometimes  used  in  the  laboratory  to 
produce  the  uniform  flow  of  a  gas  by  employing  the  water  which 
escapes  to  expel  the  gas.  We  may  also  draw  in  gas  through  the  tube 
of  Mariotte's  bottle ;  in  this  case,  the  flow  of  the  water  is  uniform, 
hut  the  flow  of  the  gas  is  continually  accelerated,  since  the  space 
occupied  by  it  in  the  bottle  increases  uniformly,  but  the  density  of 
the  gas  in  this  space  continually  increases. 
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DESCHANEL'S  NATUKAL  PHILOSOPHY. 

By  Professor  J.  D.  EVERETT,  d.c.l. 


LITERARY   OPINIONS. 

"Mr.  Everett  has  done  great  service  to  the  cause  of  natural  science  in  England  by 
undertaking,  and  so  faithfully  carrying  out^  a  translation  of  the  work  of  M.  Deschanel."— 
Educational  Reporter. 

'*  We  have  no  work  in  our  own  scientific  literature  to  be  compared  with  it,  and  we  are 
glad  that  the  translation  has  fallen  into  such  good  hands  as  those  of  Professor  Everett. 
.  .  .  The  book  is  a  valuable  contribution  to  our  scientific  literature;  it  will  foiiii 
an  admirable  text-book  for  special  science  classes  in  schools ;  and  we  look  forward  with 
pleasure  to  the  appearance  of  the  remaining  portions  of  the  work." — Quarterly  Journal 
of  Science. 

"  The  clearness  of  Deschanel's  explanations  is  admirably  preserved  in  the  translation, 
while  the  value  of  the  treatise  is  considerably  enhanced  by  some  important  additions.*' — 
yature. 

**  The  treatise  is  remarkable  for  the  vigour  of  its  style,  which  specially  commends  it  as 
a  book  for  private  reading ;  but  its  leading  excellence,  as  compared  with  the  best  works  at 
present  in  use^  is  the  thoroughly  rational  character  of  the  information  which  it  presents. 
.  .  .  As  an  example -of  the  concise  style  in  which  the  book  is  written,  it  may  be 
mentioned  that  the  explanation  of  the  composition  of  parallel  forces  occupies  less  than 
three  pages ;  yet  we  have  no  hesitation  in  saying  that  the  information  given  within  that 
small  s{)ace  will  give  the  student  a  more  thorough  and  useful  insight  of  the  subject  than 
could  be  acquired  from  the  study  of  ten  times  the  quantity  in  many  of  our  best  work>^  on 
Mechanics." — Scientific  Review. 

"  It  differs  principally  from  other  works  of  the  same  class  in  its  experimental  treat- 
ment of  the  subjects  with  which  it  deals ;  a  style  which  is  coming  more  and  more  into  use 
in  our  best  elementary  class-books.  It  may  be  called  the  common-sense  method,  as 
opposed  to  the  theoretical  ...  Of  course,  there  have  been  popular  books  on 
mechanical  science  before,  but  they  have  been  mostiy  too  popular — too  light  and  superficial 
for  any  valuable  purpose  in  instruction.  The  present  work  does  not  fall  under  this  cate- 
<^ory ;  it  seems  just  to  hit  the  mean  between  a  dry  school-book  and  a  popular  treatise. 
.  .  .  Altogether  this  promises,  when  finished,  to  be  a  most  complete  and  really  valu- 
able work,  of  a  kind  of  which  we  possess  but  few." —  Educational  Times. 

"  In  addition  to  being  a  good  class-book,  it  is  well  adapted  for  private  reading,  as  the 
style  is  good  and  the  examples  remarkably  well  chosen." — Student. 

"  All  who  are  familiar  with  the  treatise  in  its  original  form  will  admit  that  Dr.  Everett 
deserves  the  tiianks  of  English  teachers  and  students  generally,  for  having  furnished  them 
with  an  admirable  translation  of  three  sections  of  a  work  which  is  characterized  by  thone 
good  qualities  that  are  summed  up  in  the  old  English  word  'thoroughness.'" — Journal  of 
the  London  Institution. 

"That  so  much  can  be  compressed  into  so  small  a  space  is  the  natural  wonder  of  the 
student  of  this  littie  work ;  and  were  it  not  for  the  admirable  manner  in  which  the  author 
writes,  and  has  been  translated,  not  one  fourth  part  of  the  information  cr<ulf{  have  been 
brought  within  the  space." — EngineeHnrf. 


In  the  present  volume,  the  chapter  on  Thermo-dynamics  is  almost 
entirely  the  work  of  the  Editor.  Large  portions  of  the  chapters  on 
Conduction  and  on  Terrestrial  Temperatures  have  also  been  re- 
written ;  and  considerable  additions  have  been  made  in  connection 
with  Hygrometry,  the  Theory  of  Exchanges,  the  Specific  Heats  of 
Gases,  and  the  Motion  of  Glaciera  Minor  additions  and  modifica- 
tions have  been  numerous,  and  will  easily  be  detected  by  comparison 
with  the  similarly  numbered  sections  in  the  original 

The  nomenclature  of  units  of  heat  which  has  been -adopted,  is 
borrowed  from  Prof.  G.  C.  Foster's  article  "Heat"  in  Watts*  Dictionary 
of  Cheiaistry. 


ERRATA  IN  PART  I. 

Page  78,  line  6,  for  mg  read  mgs. 

Page  153,  lines  2-4,  read  a  special  correction  for  temperature  mast  be  applied  to  bar- 
ometers of  this  class. 

Page  154,  line  11,  for  JL-  read  144  g. 
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Page  182,  line  2  from  bottom,  for  600  read  11 50. 

Page  223,  line  7,  for  B  read  A. 

ERRATA  IN  PART  II 

Page  264,  line  1,  for  Modulus  read  Factor. 

Page  812,  line  11,  for  suction  read  motion. 

Page  437,  line  15,  for  is  of  the  ratio  read  is  the  ratio. 

Page  504,  lines  13,  14,  omit  those  of. 
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The  pressure  of  one  atmosphere,  or  760  millimetres  (29 '922  inches)  of  mercury,  is  1'033 
kilogramme  per  square  centimetre,  or  14*73  lbs.  per  sq.  inch. 
TTie  weight  of  a  litre  of  dry  air,  at  this  pressure  (at  Paris)  and  0°  C,  is  1  "293  gramme. 

Dry  air  at  constant  pressure  expands  by  '003665  (or  -— )  of  its  volume  at  0°  C,  for  each 
degree  Cent. 

The  specific  heat  of  dry  air  at  constant  pressure  is  '2375, 

The  specific  heat  of  dry  air  at  constant  volume  is  '168. 

The  ratio  of  these  numbers  is  1'41,  and  their  difference  0695. 

The  latent  heat  of  fusion  of  ice  is  79°'25  C. 

The  latent  heat  of  steam  at  one  atmosphere  is  537°  C 


FEENCH  AND  ENGLISH  MEASURES. 


A  DECIMETBE  DIVIDED  IKTO  CENTIMETRES  AND  MILLIMETRES. 


4" 


c| 


I  ii 


"^'  I  ''■'■"  'I     '" 


II    11  Ml 


I   1 1 1 !  1 1   1 1 1 1 1 1 1 1 1 .  1 1 1 1 1 ' 1 1 1 1 1 1 1 1 1 . 1 1 1 '    I'll    1     I .  I   1 1 iT 


I  I  I     I  I       I  ,  I  I 


III' 


I  ■  ■  '  I  '  '  1  I  I  f  1  I  I  I  I  I  I I 


'   I    I 


11 


INCHE8  AND  T£NTH8. 


TABLE  FOE  THE  CONVERSION  OF  FRENCH  INTO  ENGLISH 

MEASURES. 


1  Millimetre 
1  Centimetre 
1  Decimetre 
1  Metre 
1  Kilometre 


Measures  of  Length. 

•03987079  inch,  or  about  ,V  i"ch. 

•3937079  inch. 

8'937079  inches. 

39'37079  inches,  or  3'2809  feet  nearly. 

8937079  inches,  or  1093'6  yards  nearly. 


1  sq.  millimetre 
1  sq.  centimetre 
1  sq.  decimetre 
1  sq.  metre 


Measures  of  Are.v. 

=  '00155006  sq.  inch. 

=  -155006  sq.  inch. 

=  15'5006  sq.  inches. 

=  155006  sq.  inchefl,  or  10"7643  sq.  feet. 


X  FRENCH    AND    ENCJLISH    MKASURES. 

MEAriURES   OF    VoUME. 

1  cubic  centimetre  =  '0610271  cubic  inch. 
1  cubic  decimetre  =  61*0271  cubic  inches. 
1  cubic  metre  =     61027*1  cubic  inches,  or  35*3166  cubic  feet. 

The  Litre  (used  for  liquids)  is  the  same  as  the  cubic  decimetre,  and  is  equal  to  1*76172 
imperial  pint,  or  '220215  gallon. 


Mkasubes  of  Weight  (or  Mass). 


1  milligramme 
1  centigramme 
1  decigramme 
1  gramme 
1  kUogramme 


•015432349  grain. 

-15432349  grain. 
1*5432349  grain. 
15*432349  grains. 
15432*349  grains,  or  2*2046'2125  lbs.  avoir. 


Measubss  involving  beference  to  two  units. 


1  gramme  per  sq.  centimetre 
1  kilogramme  per  sq.  metre 
1  kilogramme  per  sq.  millimetre 
1  kilogrammetre 


2*048098  lbs.  per  sq.  foot. 
•2048098   1. 
204809-8   It  •• 

7*23314  foot-pounds. 


1  force  de  cheval  =  75  kUogrammetres  per  second,  or  5424  foot-pounds  per  second 
nearly,  whereas  1  horse  power  (English)  =550  foot-pounds  per  second 


TABLE  FOR  THE  CONVERSION  OF  ENGLISH  INTO  FRENCH 

MEASUREa 


Measures  of  Length. 

1  inch  =25*39954  millimetres. 
1  foot  =-30479449  metre. 
1  yard  =  -91438347  metre. 
I  mile  =1*60932  kilometre. 


Measures  of  Area. 

1  sq.  inch  =  645"  137  sq.  millimetres. 

1  sq.  foot  =  -0928997  sq.  metre. 

1  sq.  yard  =  -$360973  sq.  metre. 

I  sq.  mile  =  2*589895  sq.  kilometres. 

Solid  Mea-suues. 

1  cubic  inch  =  16386*6  cubic  millimetres. 
I  cubic  foot  =  -0283153  cubic  metre. 
1  cubic  yard  =  -7645131  cubic  metre. 


Measures  op  Capacitt.    . 

1  pint  =-5676275  Utre 
1  gallon  =4*54102  litres. 
1  bushel  =36-32816  litres. 

Measures  of  Weight. 

1  grain        =  *064799  gramme. 

1  oz.  avoir.  =28*3496  grammes. 

1  lb.  avoir.  =  *453593  kilogramme. 

1  ton  =1  01605  tonne  =  101605 kilos 

Measures  involving  referekcb  ti' 
two  units. 

1  lb.  perBq.foot  =  4-88261  kilos,  persq.metre. 
1  Ib.persq.  inch  =  *0703095  kilos,  per  sq.  cx-n  - 

timetre. 
1  foot-pound     =i  -138253  kilogrammetre. 


HEAT. 


CHAPTER     XIX. 

THEBMOMETRY. 

176.  Heat — Cold. — The  words  heat  and  cold  express  sensations  so 
well  known  as  to  need  no  explanation;  but  these  sensations  are 
modified  by  subjective  causes,  and  do  not  furnish  an  invariable  cri- 
terion of  objective  reality.  In  fact,  we  may  often  see  one  person 
suffer  from  heat  while  another  complains  of  cold.  Even  for  the  same 
person  the  sensations  of  heat  and  cold  are  comparative.  A  tempera- 
ture of  50**  Fahr.  suddenly  occurring  amid  the  heat  of  summer  pro- 
duces a  very  decided  sensation  of  cold,  whereas  the  same  temperature 
in  winter  has  exactly  the  opposite  effect  We  may  mention  an  old 
experiment  upon  this  subject,  which  is  at  once  simple  and  instructive. 
If  we  plunge  one  hand  into  water  at  32°  Fahr.,  and  the  other  into 
wsiter  at  about  lOO"*;  and  if  after  having  left  them  some  time  in  this 
position  we  immerse  them  simultaneously  in  water  at  70°,  they  will 
experience  very  different  sensationa  The  hand  which  was  formerly 
in  the  cold  water  now  experiences  a  sensation  of  heat;  that  which 
was  in  the  hot  water  experiences  a  sensation  of  cold,  though  both  are 
in  the  same  medium.  This  plainly  shows  that  the  sensations  of  heat 
and  cold  are  modified  by  the  condition  of  the  observer,  and  conse- 
quently cannot  serve  as  a  sure  guide  in  the  study  of  calorific  phe- 
nomena. Recourse  must  therefore  be  had  to  some  more  constant 
standard  of  reference,  and  such  a  standard  is  furnished  by  the  ther- 
mometer. 

176.  Temperature. — If  several  bodies  heated  to  different  degrees  are 
placed  in  presence  of  each  other,  an  interchange  of  heat  takes  place 
between  them,  by  which  they  undergo  modifications  of  opposite 
kinds ;  those  that  are  hottest  grow  cooler,  and  those  that  are  coldest 
grow  warmer;  and  after  a  longer  or  shorter  time  these  inverse  pheno- 
mena cease  to  take  place^  and  the  bodies  come  to  a  state  of  mutual 
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equilibrium.  They  are  thea  said  to  be  at  the  same  temperatwre.  If 
Eb  source  of  heat  is  now  brought  to  act  upon  them,  tbeir  temperature 
is  said  to  rise;  if  they  are  left  to  tbemaelves  in  a  colder  medium,  they 
all  grow  cold,  and  their  temperature  is  said  to  fall.  Two  bodies  are 
aaid  to  have  the  same  temperature  if  when  they  are  placed  in  contact 
no  heat  paesea  from  the  one  to  the  other.  If  wheu  two  bodies  are 
placed  in  contact  heat  passes  from  one  to  the  other,  that  which  gives 
heat  to  the  other  is  said  to  have  the  higher  temperaturfe  Heat 
edways  tends  to  pass  from  bodies  of  higher  to  those  of  lower  tem- 
perature. 

177.  Expansion. — At  the  same  time  that  bodies  undergo  these 
changes  in  temperature,  which  may  be  verified  by  the  different 
impressions  which  they  make  upon  our  organs,  they  are  subjected 
to  other  modifications  which  admit  of  dii-ect  measurement,  and  which 
serve  as  a  means  of  estimating  the  changes  of  temperature  themselves. 
These  modifications  are  of  difierent  kinds,  and  we  shall  have  occasioD 
to  speak  of  them  all  in  the  course  of  this  work ;  but  that  which  is 
especially  used  as  the  basis  of  thermometric  measurement  is  change  of 
volume.  In  general,  when  a  body  is  heated,  it  increases  in  volume; 
and,  on  the  other  hand,  when  it  is  cooled  its  volume  diminishes.  The 
expansion  of  bodies  under  the  action  of  heat  may  be  illustrated  by 
the  following  experiments. 

1.  Solid  Bodies. — We  take  a  ring  through  which  a  metal  sphere 


Fig.  IS!.— Onmuda'a  Rinj. 


just  passea  This  latter  is  heated  by  holding  it  over  a  spirit-lamp, 
and  it  is  found  that  after  this  operation  it  will  no  longer  pass  through 
the  ring.  Ita  volume  has  increased.  If  it  is  now  cooled  by  immer- 
sion in  water,  it  resumes  its  former  vojurae,  and  will  again   pass 
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tbrougK  the  ring.     If,  while  the  sphere  was  hot,  we  ha.d  heated  the 
ring  to  about  the  same  degree,  the  ball  would  still  have  been  able  to 
pass,  their  relative  dimensioiis  being  unaltered.    This  little  apparatus 
is  called  Oravesande'a  Riiig. 
%  Liquids. — A  liqoid,  as  water  for  instance,  is  introduced  into  the 


Fig.  1B3. — ^xytnmoa  of  LEqiildi.  Pig-  194- — Expuukta  of  Gaaet. 

apparatus  shown  in  Fig.  183,  so  as  to  fill  at  once  the  globe  and  a 
portion  of  the  tube  as  tar  as  a.  The  instrument  is  then  immersed  in 
a  vessel  containing  hot  water,  and  at  first  the  extremity  of  the  liquid 
ctdumn  descends  for  an  in&tant  to  6 ;  but  when  the  experiment  has 
continued  for  some  time,  the  liquid  rises  to  a  point  a'  at  a  con- 
siderable height  above.  This  twofold  phenomenon  is  easily  explained. 
The  globe,  which  receives  the  first  impression  of  heat,  increaeee  in 
volume  before  any  sensible  change  can  take  place  in  the  temperature 
of  the  liquid.     The  liquid  consequently  is  unable  to  fill  the  entire 
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capacity  of  the  globe  and  tube  up  to  the  original  mark,  and  thus 
the  extremity  of  the  liquid  column  is  seen  to  falL  But  the  liquid 
receiving  in  its  turn  the  impression  of  heat,  expands  also,  and  as  it 
passes  the  original  mark,  we  may  conclude  that  it  not  only  expands, 
but  expands  more  than  the  vessel  which  contains  it 

3.  Oases. — The  globe  in  Fig.  184  contains  air,  which  is  separated 
from  the  external  air  by  a  small  liquid  index.  We  have  only  to 
warm  the  globe  with  the  hands  and  the  index  will  be  seen  to  be 
pushed  quickly  upwards,  thus  showing  that  gases  are  exceedingly 
expansible. 

178.  General  Idea  of  the  Thermometer. — Since  the  volume  of  a 
body  is  always  changed  by  heat,  it  follows  that  when  a  body  is  sub- 
jected to  variations  of  temperature,  it  undergoes  at  the  same  time 
corresponding  variations  of  volume.  If  we  suppose  that  the  different 
volumes  successively  assumed  by  the  body  can  easily  be  measured, 

we  may  indicate  the  temperature  by  stating  the 
voluma  And  the  body  will  not  only  indicate  its 
own  temperature  by  this  means,  it  will  also  exhibit 
the  temperature  of  the  bodies  by  which  it  is  sur- 
rounded, and  which  are  in  equilibrium  with  it  as 
regards  temperature;  that  is,  which  do  not  experi- 
ence those  inverse  changes  mentioned  in  §  176.  Such 
is  the  most  general  idea  of  the  thermometer,  which 
may  be  defined  as  a  body  which,  under  the  action 
of  heat,  exhibita  changes  of  volume  which  can  be 
ascertained  and  measured, 

179.  Choice  of  the  Thermometrio  Substance. — Any 
substance  whatever  will  serve  as  a  thermometrio 
substance,  and  in  fact  there  are  several  kinds  of 
thermometers,  founded  upon  the  expansion  of  dif- 
ferent substancea  In  order,  however,  that  thermo- 
metric  indications  may  be  comparable  with  each 
other,  it  is  necessary  to  adopt  a  standard  substance 
or  combination  of  substances,  and  physicists  have  by- 
common  consent  adopted  as  the  standard  of  reference 
the  apparent  expansion  of  mercury  contained  in  a  glass  vessel  The 
instrument  which  exhibits  this  expansion  is  called  the  mercurial 
tftermometer.  It  consists  essentiaUy,  as  shown  in  Fig.  185,  of  a  tube 
of  very  small  diameter,  terminating  in  a  bulb  or  reservoir  of  a  cylin- 
drical, spherical,  or  any  other  form.     The  reservoir  and  a  portion  of 


Fig.  185.~lCercuriaI 
Thannometoxi. 
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the  tube  are  filled  with  mercury.  If  the  temperature  varies,  the 
level  of  the  liquid  will  rise  or  fall  in  the  tube,  and  the  points  at 
which  it  remains  stationary  can  be  easily  identified  by  means  of  a 
scale  attached  to  or  engraved  on  the  tube. 

The  choice  of  mercury  as  a  thermometric  substance  is  extremely 
suitable.  It  is  a  liquid  which  may  easily  be  procured  in  a  state  of 
purity.  It  is  a  very  good  conductor  of  heat,  and  consequently  soon 
comes  into  equilibrium  of  temperature  with. the  bodies  which  it 
toucbea  Besides,  its  calorific  capacity  is  very  small,  so  that  if  it  be 
brought  into  contact  with  a  heated  body,  for  instance,  at  whose 
expense  it  grows  hot,  this  body  experiences  in  consequence  only  a 
very  slight  change  of  temperature,  which  may  generally  be  neglected. 

180.  Constmction  of  the  Mercurial  Thermometer. — The  construction 
of  a  mercurial  thermometer  is  an  operation  of  great  delicacy,  and 
comprises  several  different  processes,  which  we  shall  successively 
indicate. 

1.  Choice  of  the  Tube. — The  first  object  is  to  procure  a  tube  of  as 
uniform  bore  as  possible.  In  order  to  ascertain  whether  this  con- 
dition is  fulfilled,  a  small  column  of  mercury  is  introduced  into  the 
tube,  and  its  length  in  different  parts  of  the  tube  is  measured.  If 
these  lengths  are  exactly  equal,  the  tube  must  be  of  uniform  bore. 
This  is  not  generally  the  case,  and  we  have  to  content  ourselves  with 
an  approximation  to  this  result;  but  we  must  reject  tubes  in  which 
the  differences  of  length  observed  are  too  great.  When  a  suitable 
tube  has  been  obtained,  a  reservoir  is  either  blown  at  one  end  or 
attached  by  melting,  the  former  plan  being  usually  preferable. 

When  a  thermometer  of  great  precision  is  required,  the  tube  is 
first  calibrated;  that  is,  divided  into  parts  of  equal  volume. 

2.  Introduction  of  the  Mercui^, — At  the  upper  extremity  of  the 
tube  a  bulb  has  been  blown,  drawn  out  to  a  point,  at  which  there  is 
a  small  opening;  this  bulb  is  gently  heated,  and  the  point  is  then 
immersed  in  a  vessel  containing  mercury  (Fig.  186).  The  air  in  the 
tube  growing  cold,  suffers  a  diminution  at  once  of  volume  and  of 
pressure,  so  that  mercury  is  forced  into  the  bulb  by  the  atmospheric 
pressure.  The  end  of  the  point  is  then  closed  to  prevent  the  escape 
of  mercurial  vapours,  and  the  reservoir  and  tube,  still  remaining 
empty,  are  heated  in  a  gas  or  charcoal  furnace  (Fig.  187),  so  as  to 
rarefy  the  contained  air.  The  liquid  in  the  bulb  is  then  heated,  aad 
on  setting  the  instrument  upright,  and  allowing  it  to  cool,  a  portion 
of  the  mercury  enters  the  reservoir  in  consequence  of  the  contraction 
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of  the  air.  The  liquid  ic  the  reservoir  is  then  heated  to  ebuUitton, 
the  air  is  expelled  from  the  reservoir  and  tube  by  the  vapour  of 
mercury,  and  on  placing  the  instrument  in  an  upright  pcsiijon,  tbe 


i 


mercury  during  the  process  of  cooling  enters  the  reservoir  and  com- 
pletely fills  it  If  a  bubble  of  air  still  remains,  as  is  often  the  case, 
it  may  be  expelled  by  repeating  the  same  operation  several  timea 
The  quantity  of  mercury  to  be  left  is  then  regulated  according  to  the 
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temperatures  which  the  instrument  i3  intended  to  indicate;  the  bulb 
at  the  upper  end  is  removed,  and  the  tube,  having  been  drawn  out  to 
a  poiot,  is  hermetically  sealed  at  the  moment  when  the  mercury 
reaches  ita  extremity,  so  as  to  leave  no  air  in  the  interior. 
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3.  Determination  of  the  Fixed  Pointa. — The  instrument,  under 
these  conditions,  and  with  any  scale  of  equal  parta  marked  on  the 
tube,  would  of  course  indicate  variations  of  temperature,  but  these 
iDdications  would  be  arbitrary,  and  two  thermometers  so  conetructed 
would  in  general  give  different  indications. 

In  order  to  insure  that  the  indications  of  different  thermometers 
ahall  be  comparable,  it  has  been  agreed  to  adopt  two  standard  tem- 
peratures, which  can  easily  be  reproduced  and  maintained  for  a  COD- 
aiderable  time,  and  to  denote  them  by  fixed  numbers.     These  two 
temperatures  are  the  freezing-point  and  boiling-point  of  water ;  or  to 
speak  more  strictly,  the  temperature  of  melting  ice,  and  the  tem- 
perature  of  the   steam  given  off  by 
water    boiling   under  average  atmos- 
pheric pressure.     It  has  been  observed 
that  if  the  thermometer  be  surrounded 
with   melting  ice   (or  melting  snow), 
the  mercury,  under  whatever  circum- 
stances the  experiment  is  performed, 
iovadabiy  stops   at  the   same   point, 
and  remains  stationary  there  as  long  as 
the  melting  continues.     This  then  is  a 
fixed  temperature.     On  the  Centigrade 
scale  it  is  called  zero,  on  Fahrenheit's 
scale  32°. 

In  order  to  mark  this  point  on  a  ^«'  ise.— DMMiiiiiution  q(  Fiwiing- 
thermometer,  it  is  surrounded  by  melt- 
ing ice,  which  is  contained  in  a  perforated  vessel,  so  as  to  allow 
the  water  produced  by  melting  to  escape.  When  the  level  of  the 
mercury  ceases  to  vary,  a  mark  is  made  on  the  tube  with  a  fine 
diamond  at  the  extremity  of  the  mercurial  column.  This  is  frequently 
called  for  brevity  the  freezing-point 

It  has  also  been  observed  that  if  water  be  made  to  boil  in  an  open 
metallic  vessel,  under  average  atmospheric  pressure  (760  millimetres, 
or  29  922  inches),  and  if  the  thermometer  be  plunged  into  the  steam, 
the  mercury  stands  at  tbe  same  point  during  the  entire  time  of 
eballitioD,  provided  that  the  external  pressure  does  not  change.  This 
second  fixed  temperature  is  called  100°  in  the  Centigrade  scale  (whence 
the  name),  and  212°  on  Fahrenheit's  scala  In  order  to  mark  this 
second  point  on  the  thermometer,  an  apparatus  is  employed  which 
was  devised  by  Gay-Luasac,  and  perfected  by  Regnault     It  consists 
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of  a  copper  boiler  (Fig.  189)  containing  water  which  is  raised  to 
ehuUition  by  means  of  a  furnace.  The  steam  drculates  through  i 
double  casing,  and  escapes  by  a  tube  near  the  bottom.  The  ther- 
mometer is  fixed  in  the  interior  casing,  and  when  the  mercury  bas 
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become  stationary,  a  mark  is  made  at  the  point  at  which  it  stops, 
which  denotes  what  is  commonly  called  for  brevity  the  boiling-point 
It  now  only  remains  to  divide  the  portion  of  the  instrument  between 
the  freezing  and  boiling  points  into  equal  parts  corresponding  to 
single  degrees,  and  to  continue  the  division  beyond  the  fixed  points. 
Below  the  zero  point  are  marked  the  numbers  1,  2,  3,  &c.     These 
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temperatures  are  generally  expressed  with  the  sign  — .  Thus  the 
temperature  of  17°  below  zero  is  written  — 17^ 

A  small  manometric  tube,  open  at  both  ends,  serves  to  show,  by 
the  equality  of  level  of  the  mercivy  in  its  two  branches,  that  the 
ebullition  is  taking  place  at  a  pressure  equal  to  that  which  prevails 
externally,  and  consequently  that  the  steam  is  escaping  with  suffi- 
cient freedom.  It  frequently  happens  that  the  external  pressure  is 
not  exactly  760  millimetres,  in  which  case  the  boiling-point  should  be 
placed  a  little  above  or  a  little  below  the  point  at  which  the  mer- 
cury remains  stationary,  according  as  the  pressure  is  less  or  greater 
than  this  standard  pressura  When  the  diiSerence  on  either  side  is 
inconsiderable,  the  position  of  the  boiling-point  is  calculated  by  the 
rule,  that  a  difference  of  206  millimetres,  either  above  or  below  the 
normal  pressure,  causes  a  difference  of  1"*  in  the  temperature  of  the 
steam  produced.     We  shall  return  to  this  point  in  Chap.  xxvL 

181.  Acynstment  of  the  Quantity  of  Mercury. — In  order  to  avoid 
complicating  the  above  explanation,  we  have  omitted  to  consider  an 
operation  of  great  importance,  which  should  precede  those  which  we 
have  just  described.  This  is  the  determination  of  the  volume  which 
must  be  given  to  the  reservoir,  in  order  that  the  instrument  may  have 
the  required  range.  When  the  reservoir  is  cylindrical,  this  is  very  easily 
effected  in  the  following  manner.  Suppose  we  wish  the  thermometer 
to  indicate  temperatures  comprised  between  — 20°  and  130°  Cent.,  so 
that  the  range  is  to  be  150°;  the  reservoir  is  left  open  at  O  (Fig.  190), 
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and  is  filled  through  this  opening,  which  is  then  hermetically  sealed. 
The  instrument  is  then  immersed  in  two  baths  whose  temperatures 
differ  by  50°,  for  instance,  and  the  mercury  rises  through  a  distance 
mm'.  This  length,  if  the  quantity  of  mercury  in  the  reservoir  be 
exactly  sufficient,  should  be  the  third  part  of  the  length  of  the  stem. 
But  the  quantity  of  mercury  in  the  reservoir  is  always  taken  too  large 
at  first,  so  that  it  has  only  to  be  reduced,  and  thus  the  space  traversed 
by  the  liquid  is  at  first  too  great.  Suppose  it  to  be  equal  to  Jths  of 
the  length  of  the  stem.  The  degrees  will  then  be  too  long,  in  the 
ratio  I :  J=A.  That  is,  the  reservoir  is  ^  of  what  it  should  be.  We 
therefore  measure  off  -Jths  of  the  length  of  the  reservoir,  beginning 
at  the  end  next  the  stem ;  this  distance  is  marked  by  a  line,  and  the 
end  O  is  then  broken  and  the  mercury  suffered  to  escape.     The  glass 
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is  then  melted  down  to  the  marked  line,  and  the  reservoir  is  thus 
brought  to  the  proper  dimensions.  It  only  remains  to  regulate  the 
quantity  of  mercury  admitted,  by  making  it  £Q1  the  tube  at  the 
highest  temperature  which  the  instrument  is  intended  to  indicate. 

If  the  reservoir  were  spherical,  which  is  a  shape  generally  ill 
adapted  for  delicate  thermometers,  the  foregoing  process  would  be 

inapplicable,  and  it  would  be  necessary  to  deter- 
mine the  proper  size  by  trial 

182.  Thermometric  Scales.  —  In  the  Centigrade 
scale  the  freezing-point  is  marked  0°,  and  the  boil- 
ing-point lOO"".  In  R4a%tvMir*8  scale,  which  is  still 
sometimes  used  abroad,  the  freezing- point  is  alao 
marked  0^  but  the  boiling-point  is  mai'ked  80?. 
Hence,  5  degrees  on  the  former  scale  are  equal  to 
4  on  the  latter,  and  the  reduction  of  temperatures 
from  one  of  these  scales  to  the  other  can  be  effected 
by  multiplying  by  ^  or  J. 

For  example,  the  temperature  IS"  Centigrade  is 
the  same  as  60°  Reaumur,  since  75  x  |^=60;  and  the 
temperature  SG""  B^aumur  is  the  same  as  45°  Centi- 
grade, since  36  X  J  =45. 

The  relation  between  either  of  these  scales  and 
that  of  Fahrenheit  is  rather  more  complicated,  inas- 
much as  Fahrenheit's  zero  is  not  at  freezing-pointy 
but  at  32  of  his  degrees  below  it 

As  regards  intervals  of  temperature,  1 80  degrees 
Fahrenheit  are  equal  to  100  Centigrade,  or  to  SO 
Reaumur,  and  hence,  in  lower  terms,  9  degrees 
Fahrenheit  are  equal  to  5  Centigrade,  or  to  4 
Reaumur. 

The  conversion  of  temperatures  themselves  (as 
distinguished  from  intervals  of  temperature)  will  be 
best  explained  by  a  few  examples. 
Example  1.     To  find  what  temperatures  on  the 
other  two  scales  are  equivalent  to  the  temperature  50**  Fahrenheit. 

Subtracting  32,  we  see  that  this  temperature  is  18  Fahrenheit 
degrees  above  freezing-point,  and  as  this  interval  is  equivalent  to 
18  X  ^,  that  is  10  Centigrade  degrees,  or  to  18  X  |-,  that  is  8  Reaumur 
degrees,  the  equivalent  temperatures  are  respectively  10°  Centigrade 
and  8°  Rdaumur. 
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Thermometric  Scales. 
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Example  2.  To  find  the 'degree  on  Fahrenheit's  scale,  which  is 
equivalent  to  the  temperature  25""  Centigrade. 

An  interval  of  25  Centigrade  degrees  is  eqnal  to  25  X  {-,  that  is 
45  Fahrenheit  degrees,  and  the  temperature  in  question  is  above 
freezing-point  by  this  amount  The  number  denoting  it  on  Fahren- 
heit's scale  is  therefore  32  +  45,  that  is  77**^-^ 

The  rules  for  the  conversion  of  the  three  thermometric  scales  may 
be  summed  up  in  the  following  formulae,  in  which  F,  C,  and  R  denote 
equivalent  temperatures  expressed  in  degrees  of  the  three  scales: — 

F=|C  +  32=iR+82. 
C=|R=|(F-32). 
B=JC  =  |(F-32). 

It  is  usual  in  stating  temperatures  to  indicate  the  scale  referred  to 
by  the  abbreviations  Fahr,,  Cent,  R^au,,  or  more  briefly  by  the 
initial  letters  F.,  C,  R 

183.  Apparent  Expansion  of  Mercury.  Degree  of  the  Meronrial  Ther- 
mometer.— The  indications  of  the  mercurial  thermometer  depend  not 
upon  the  real  but  upon  the  apparent  expansion  of  mer- 
cury, that  is,  upon  the  difference  between  the  expansion 
of  the  mercury  and  that  of  the  glass  in  which  it  is  con- 
tained. 

To  understand  the  physical  meaning  of  a  degree,  sup- 
pose that  we  have  a  thermometric  tube  (Fig.  192)  divided 
into  parts  of  equal  capacity^  and  that  by  gauging  the 
reservoir  we  have  ascertained  its  capacity  to  be  equal  to 
N  of  these  paints.  Mercury  is  introduced,  and  when  the 
instrument  is  surrounded  with  melting  ice  the  mercury 
fills  the  bulb  and  n  parts  of  the  tube.  The  instrument  is 
then  raised  to  the  temperature  of  100°  C,  and  the  mercury 
expands  so  as  to  occupy  n'  parts  of  the  stem.  The  appar- 
ent volumes  of  the  mercury  at  0°  and  100°  Centigrade  are' 
therefore  N  +  rz.  and  N  +  7i'  respectively,  and  the  apparent 
increase  of  volume  is  n'—n.     The  apparent  increase  per 
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unit  volume  is  therefore 


n  -n 


and  as  this  is  the  increase  for  100°  the 


n'  -n 


apparent  expansion  per  degree  Centigrade  is  ^^^  j^-j;^.     This  quantity 

is  found  by  experiment  to  be  about  equal  to  g^g^.     Each  degree 
Centigrade  represents  then  a  difference  of  apparent  volume  of  the 

mercury  equal  to  about  g^gQ  of  its  volume  at  freezing-point. 
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184.  Comparability  of  Mercurial  Thermometers. — This  enables  us  to 
examine  the  important  question,  whether  different  thermometers  are 
comparable  with  each  other,  that  is,  whether  they  will  indicate  the 
same  temperature  under  the  same  conditions.  This  must  evidently 
be  the  case  where  the  glass  employed  for  the  construction  of  the  tubes 
is  absolutely  the  same.  The  agreement  will  likewise  be  exact,  even 
when  the  apparent  expansions  due  to  the  quality  of  the  glass  em- 
ployed in  each  case  are  not  the  same,  provided  that  they  preserve  a 
constant  ratio  at  different  temperatures. 

Experiment  alone  can  teach  us  whether  this  disagreement  actually 
exists,  and  in  what  degree.  The  result  of  Regnault's  investigations 
upon  this  point  tends  to  show  that  up  to  300*'  Cent,  this  disagree- 
ment is  almost  nothing,  or,  at  any  rate,  may  be  neglected  with  perfect 
safety;  above  this  point  a  slight  difference  is  observed,  which  increases 
to  about  *6°  or  4°  at  the  temperature  of  SSO'',  that  is^  at  the  superior 
limit  to  the  use  of  the  mercurial  thermometer. 

This  defect  in  the  comparability  of  thermometers,  slight  as  it  is, 
must  be  attributed  to  in^egularities  in  the  expansion  of  the  glass. 
The  influence  of  these  irregularities  would  obviously  be  less  sensible 
with  a  more  expansible  material  than  mercury,  and  this  is  the  reason 
that  in  experiments  where  great  precision  is  necessary  air-thermo- 
meters are  employed,  which  at  the  same  time  serve  to  indicate  the 
highest  temperatures,  whereas  mercury  cannot  be  employed  beyond 
350°,  its  boiling-point. 

185.  Displacement  of  the  Zero  Point. — ^A  thermometer  left  to  itself 
after  being  made,  gradually  undergoes  a  contraction  of  its  capacity, 
leading  to  a  uniform  error  of  excess  in  its  indications.  This  pheno- 
menon is  attributable  to  molecular  change  in  the  glass,  which  has,  so 
to  speak,  been  tempered  in  th.e  construction  of  the  instrument,  and 
to  atmospheric  pressure  on  the  exterior  of  the  bulb,  which  is  unre- 
sisted by  the  internal  vacuum.  The  progress  of  this  change  ceases  at 
the  end  of  a  certain  time,  about  fifteen  or  eighteen  months,  and  the 
displacement  is  always  inconsiderable,  never  amounting  to  a  degree. 
In  precise  experiments,  however,  it  is  necessary  to  verify  the  position 
of  the  zero  point  in  the  thermometer  employed,  and,  in  the  observa- 
tion of  temperatures,  to  take  into  consideration  the  slight  displace- 
ment which  may  have  occurred. 

186.  Sensibility  of  the  Thermometer. — The  power  of  the  instrument 
to  detect  very  small  differences  of  temperature  may  be  regarded  as 
measured  by  the  length  of  the  degrees,  which  is  proportional  to  the 
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capacity  of  the  bulb  directly  and  to  the  section  of  the  tube  inversely. 
In  &ct^  if  I  denote  the  length  of  one  degree,  and  8  the  sectional  area 

of  the  tube,  1 8  will  be  the  volume  of  one  degree,  which  is  ^^^  C, 

where  C  denotes  the  capacity  of  the  bulb,  together  with  as  much  of 

the  tube  as  is  below  the  freezing-point     Hence,  Izz^^^-,  which 

varies  directly  as  C,  and  inversely  as  «. 

Quickness  of  action,  on  the  other  hand,  requires  that  the  bulb  be 
small  in  at  least  one  of  its  dimensions,  so  that  no  part  of  the  mercury 
shall  be  far  removed  from  the  exterior,  and  also  that  the  glass  of  the 
bulb  be  thin. 

Quickness  of  action  is  important  in  measuring  temperatures  which 
vary  rapidly.  It  should  also  be  observed  that,  as  the  thermometer,  in 
coming  to  the  temperature  of  any  body,  necessarily  causes 
an  inverse  change  in  the  temperature  of  that  body,  it  fol- 
lows that  when  the  mass  of  the  body  to  be  iQvestigated  is 
very  small,  the  thermometer  itself  should  be  of  extremely 
small  dimensions,  in  order  that  it  may  not  cause  a  sensible 
variation  in  the  temperature  to  be  ascertained. 

187.  Weight  Thermometer. — In  this  thermometer,  which 
often  takes  the  place  of  the  ordinary  thermometer  in  physi-. 
cal  investigations,  the  stem  is  done  away  with,  and  the 
mercury  contained  in  the  reservoir  overflows  into  a  small  ^«'  ^*'- 
cup,  where  it  is  collected;  and  the  temperature  is  deduced  mometor"^ 
from  the  weight  of  the  mercury  "which  thus  escapea  Let 
P  be  the  weight  of  the  mercury  which  fills  the  reservoir  at  freezing- 
point,  and  ir  the  weight  which  issues  when  the  instrument  is  placed 
in  the  steamer  in  order  to  determine  the  boiling-point  The  apparent 
expansion  between  these  points  is   evidently  represented  by  the 

fraction  jrri,  ^^^t  consequently,  the  value  of  a  degree  Centigrade  is 

the  one-hundredth  part  of  this  fraction,  that  is  fooTF^^)*  Suppose 
now  that  the  instrument,  containing  again  a  weight  P  of  mercury  at 
zero  is  placed  in  a  bath  whose  temperature  we  wish  to  determine,  and 
that  a  weight  p  of  mercury  flows  over.  The  whole  apparent  expan- 
sion is  p^  and  dividing  this  by  the  value  of  a  degree,  we  obtain 
the  temperature  required,  which  is  thus  expressed  by  the  formula 

F-p'  100  (P-t)  "^""t  V-p' 
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188.  Alcohol  ThermometeT. — In  the  construction  of  tbermometeis 
other  liquids  may  be  introduced  iDstead  of  mercury,  and  alcohol  ie 
very  frequently  employed  for  this  purpose.  But  if  an  alcohol  ther- 
mometer were  constructed  so  as  to  agree  with  a  mercurial  thermometer 
at  two  fixed  temperatures,  and  were  graduated  by  dividing  the  inter- 
vening space  into  equal  parts,  and  continuing  the  equal  graduations 
both  ways,  it  would  be  found  to  give  different  readings  from  a  mer- 
curial thennometer,  except  at  or  very  near  the  two  fixed  temperatures. 
Thie  fact  may  be  expressed  by  saying,  that  alcohol  does  not  expand 
equally  for  equal  increments  of  temperature  as  indicated  by  a  mer- 
curial thermometer;  or,  more  symmetrically,  by  saying  that  intervals 
of  temperature  which  are  equal  as  measured  by  the  expansion  of 
mercury,  are  not  equal  as  measured  by  the  expansioQ  of  alcohol 
In  practice,  alcohol  thermometers  are  graduated  by  comparison 
with  mercurial  thermometers,  and  the  de- 
grees of  an  alcohol  thermometer  have  conse- 
quently unequal  volumes  in  different  parts 
of  the  scale.  The  degrees,  in  iact,  increase  in 
length  as  we  ascend  on  the  scala 

Alcohol  has  the  disadvantage  of  being 
slower  in  its  action  than  mercury,  on  ac- 
count of  its  inferior  conductivity;  but  it  can 
be  employed  for  lower  temperatures  than 
mercury,  as  the  latter  congeals  at  —  39°  Cent 
(—SB"  Fahr.),  whei-eas  the  former  has  never 
congealed  at  any  temperature  yet  attained. 

189.  Self-TegiBtering  Tihennometers. — It  is 
oiten  important  for  meteorolc^cal  purposes 
to  have  the  means  of  knowing  the  highest  or 
the  lowest  temperature  that  occurs  during  a 
given  interval  Instruments  intended  for 
this  purpose  are  called  maximum  and  mini- 
mum thermometers. 

The  oldest  instrument  of  this  class  is  iSir'« 

(Fig.  194  a),  which  is  at  once  a  maximum 

and  a  minimum  thermometer.    It  has  a  large 

"*  '"'"■^^7'™'^    cylindrical  bulb  C  filled  with  alcohol,  which 

also  occupies  a  portion  of  the  tube.     The 

remainder  of  the  tube  is  partly  filled  with  mercury,  which  occupies 

a   portion  of  the  tube  shaped   like   the   letter   U,  one  extremity 
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of  the  mercurial  column  being  in  contact  with  the  alcohol  already 
mentioned,  while  the  other  extremity  is  in  contact  with  a  second 
column  of  alcohol;  and  beyond  this  there  is  a  small  space  occupied 
only  with  air,  so  as  to  leave  room  for  the  expansion  of  the  liquids. 
When  the  alcohol  in  the  bulb  expands  it  pushes  the  mercurial  column 
before  it,  and  when  it  contracts  the  mercurial  column  follows  it.  The 
extreme  points  reached  by  the  two  ends  of  the  mercurial  column  are 
roistered  by  a  pair  of  light  steel  indices  c,  d  (shown  on  an  enlarged 
scale  at  K),  which  are  pushed  before  the  ends  of  the  column,  and  then 
are  held  in  their  places  by  springs,  which  are  just  strong  enough  to 
prevent  slipping,  so  that  the  indices  do  not  follow  the  mercury  in  its 
retreat.  One  of  the  indices  d  registers  the  maximum  and  the  other 
c  the  minimum  temperature  which  has  occurred  since  the  instrument 
was  last  set.  The  setting  consists  in  bringing  the  indices  into  contact 
with  the  ends  of  the  mercurial  column,  and  ia  usually  effected  by 
means  of  a  magnet  This  instrument  is  now,  on  account  of  its  com- 
plexity, little  used  It  possesses,  however,  the  advantages  of  being 
equally  quick  (or  slow)  in  its  action  for  maximum  and  minimum 
temperatures,  which  is  an  important  property  when  these  tempera- 
tures are  made  the  foundation  for  the  computation  of  the  mean  tem- 
perature of  the  interval,  and  of  being  better  able  than  most  of  the 
self-registering  thermometers  to  bear  slight  jolts  without  disturbance 
of  the  indices. 

Rutherforda  self-registering  thermometers  are  frequently  mounted 
together  on  one  frame,  as  in  Fig.  195,  but  are  nevertheless  distinct 
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Fig.  195.— Ruiharford's  Maximom  and  Minimum  Thermometen. 

instruments.  His  minimv/m  thermometer,  which  is  the  only  mini- 
mum thermometer  in  general  use,  has  alcohol  for  its  fluid,  and  is 
always  placed  with  its  tube  horizontal,  or  nearly  so.  In  the  fluid 
column  there  is  a  small  index  n  of  glass  or  enamel,  shaped  like  a 
dumb-belL 

When  contraction  occurs,  the  index,  being  wetted  by  the  liquid,  is 
forced  backwards  by  the  contractile  force  of  the  superficial  film  which 
forms  the  extremity  of  the  liquid  column  (§  97) ;  but  when  expansion 
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takes  place  the  index  remains  stationary  in  the  interior  of  the  liquid 
Hence  the  minimum  temperature  is  indicated  by  the  position  of  the 
forward  end  of  the  index.  The  instruifaent  is  set  by  inclining  it  so 
as  to  let  the  index  slide  down  to  the  end  of  the  liquid  column. 

The  only  way  in  which  this  instrument  is  liable  to  derangement, 
is  by  a  portion,  of  the  spirit  evaporating  from  the  column  and  becoming 
condensed  in  the  end  of  the  tube,  which  usually  terminates  in  a 
small  bulb.     When  the  portion  thus  detached  is  large,  or  when  the 
column  of  spirit  becomes  broken  into  detached  portions  by  rough 
usage  in  travelling,  **  let  the  thermometer  be  taken  in  the  hand  by 
the  end  farthest  from  the  bulb,  raised  above  the  head,  and  then 
forcibly  swung  down  towards  the  feet;  the  object  being,  on  the  prin- 
ciple of  centrifugal  force,  to  send  down  the  detached  portion  of  spirit 
till  it  unites  with  the  column.     A  few  throws  or  swinging  strokes 
will  generally  be  sufficient;  after  which  the  thermometer  should  be 
placed  in  a  slanting  position,  to  allow  the  rest  of  the  spirit  still 
adhering  to  the  sides  of  the  tube  to  drain  down  to  the  column.     But 
another  method  must  be  adopted  if  the  portion  of  spirit  in  the  top  of 
the  tube  be  small     Heat  should  then  be  applied  slowly  and  cautiously 
to  the  end  of  the  tube  where  the  detached  portion  of  spirit  is  lodged; 
this  being  turned  into,  vapour  by  the  heat  will  condense  on  the  sur- 
face of  the  unbroken  column  of  spirit.     Care  should  be  taken  that 
the  heat  is  not  too  quickly  applied.  .  .  .  The  best  and  safest  way  to 
apply  the  requisite  amount  of  heat,  is  to  bring  the  end  of  the  tube 
slowly  down  towards  a  minute  flame  from  a  gas-burner;  or  if  gas  is 
not  to  be  had,  a  piece  of  heated  metal  will  serve  instead.^' ^ 

Rutherford's  macdmum  thermometer  is  a  mercurial  thermometer, 
with  the  stem  placed  horizontally,  and  with  a  steel  index  c  in  the 
tube  outside  the  mercurial  column.  When  expansion  occurs,  the 
index,  not  being  wetted  by  the  liquid,  is  forced  forwards  by  the  con- 
tractile force  of  the  superficial  film  which  forms  the  extremity  of  the 
liquid  column  (§97);  but  when  contraction  takes  place,  the  index 
remains  stationary  outside  the  liquid.  Hence  the  maximum  tem- 
perature is  indicated  by  the  position  of  the  backward  end  of  the 
index.  The  instrument  is  set  by  bringing  the  index  into  contact 
with  the  end  of  the  liquid  column,  an  operation  which  is  usually 
effected  by  means  of  a  magnet. 

This  thermometer  ia  liable  to  get  out  of  order  after  a  few  years'  use, 
by  chemical  action  upon  the  surface  of  the  index,  which  causes  it  .to 

*  Buchan's  Handy  Book  of  Meteorology,  p.  62. 
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become  wetted  by  the  mercury,  and  thus  renders  the  instrument 
uselesa 

PhiUips'  maximum  thermometer  (invented  by  Professor  Phillips, 
the  eminent  geologist,  and  made  by  Casella)  is  recommended  for  use 
in  the  official  Inatructiona  for  Taking  Meteorological  Obaervationa, 
drawn  up  by  Sir  Henry  James  for  the  use  of  the  Boyal  Engineers. 
It  is  a  mercurial  thermometer  not  deprived  of  air.     It  has  an  exceed- 


Fig.  194  b.— Phillips*  Mftzinnim  Thermometar. 

ingly  fine  bore,  and  the  mercurial  column  is  broken  by  the  insertion 
of  a  small  portion  of  air.  The  instrument  is  set  by  reducing  this 
portion  of  air  to  the  smallest  dimensions  which  it  can  be  made  to 
assume,  and  is  placed  in  a  horizontal  position.  When  the  mercury 
expands  it  pushes  forwards  this  intervening  air  and  the  detached 
column  of  mercury  beyond  it;  but  when  contraction  takes  place  the 
intervening  air  expands,  and  the  detached  column  remains  unmoved. 

**The  thread  of  mercury  in  these  thermometers  is  easily  broken  at 
any  point  required,  by  simply  raising  the  bulb  end,  and  allowing  the 
mercury  to  run  into  the  open  cell  at  the  end ;  and,  as  it  descends, 
detaching,  with  a  slight  jerk,  as  much  of  it  as  may  be  thought  neces- 
sary, which  should  be  an  inch,  or  an  inch  and  a  half."^ 

The  detached  column  is  not  easily  shaken  out  of  its  place,  and 
when  the  bore  of  the  tube  is  made  sufficiently  narrow  the  instrument 
may  even  be  used  in  a  vertical  position,  a  property  which  is  often  of 
great  service. 

In  Negretti  and  Zambra's  maximum  thermometer  (Fig.  194),  which 
is  employed  at  the  Boyal  Observatory,  Greenwich,  there  is  an 
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Fig.  194.— Negretti*!  Hszimiim  Thermometer. 

obstruction   in  the  bent   part  of  the  tube,   near  the  bulb,  which 
barely  leaves  room  for  the  mercury  to  pass  when  forced  up  by 

^  Ifutruetiontfor  Taking  Meteorological  Obtervations.  By  Colonel  Sir  Henry  James,  K.£., 
Director  of  the  Ordnance  Survey. 
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expansion,  and  is  sufficient  to  prevent  it  from  returning  when  the 
bulb  cools. 

The  objection  chiefly  urged  against  this  thermometer  is  the  extreme 
mobility  of  the  detached  column,  which  renders  it  very  liable  to 
accidental  displacement;  but  in  the  hands  of  a  skilful  observer 
this  is  of  no  moment.  Dr.  Balfour  Stewart  {Elementary  Treatise 
on  Heat,  p.  20,  21),  says: — "When  used,  the  stem  of  this  instru- 
ment ought  to  be  inclined  downwards.  ...  It  does  not  matter 
if  the  column  past  the  obstruction  go  down  to  the  bottom  of  the  tube; 
for  when  the  instrument  is  read,  it  is  gently  tilted  up  until  this 
detached  column  flows  back  to  the  obstruction,  where  it  is  arrested, 
and  the  end  of  the  column  will  then  denote  the  maximum  tem- 
perature. In  resetting  the  instrument,  it  is  necessary  to  shake  the 
detached  column  past  the  obstruction  in  order  to  fill  up  the  vacancy 
left  by  the  contraction  of  the  fluid  after  the  maximum  had 
been  reached" 

Mercurial  Minimum  Thermometers.  —  As  it  is  obvi- 
ously undesirable  that  the  minimum  thermometer  employed 
should  be  slower  in  its  action  than  the  maximum  thermo- 
meter used  in  conjunction  with  it,  several  attempts  have 
been  made  to  construct  a  minimum  thermometer  in  which 
mercury  instead  of  alcohol  shall  be  the  expanding  fluid  (see 
a  description  of  Casella's  mercurial  minimum  thermometer, 
Stewart  on  Heat,  p.  22)  ;  but  no  one  has  yet  succeeded  in 
producing  such  an  instrument  fit  for  general  use. 

Deep-sea  and  Well  Thermometers. — The  instruments 
which  have  been  most  successfully  employed  for  the  obser- 
vation of  the  temperature  of  water  at  great  depths  are  self- 
registering  thermometers  either  of  Six's  or  Phillips*  con- 
struction, inclosed  in  a  glass-case,  hermetically  sealed,  con- 
taining air  and  a  little  alcohol.  The  glass-case  and  inclosed 
air  protect  the  bulb  of  the  thermometer  from  the  immense 
pressure  of  the  superincumbent  water,  which  by  compress- 
ing the  bulb  would  force  mercury  into  the  tube,  and  make 
the  reading  too  high.  The  instrument  represented  in  Fig. 
194  c  was  designed  by  Sir  Wm.  Thomson,  and  is  used  by 
Protected  the  Committee  on  Underground  Temperature  appointed 
Thermometer.  ^^  ^^^  g^^^j^j^  Associatiou.     A  is  the  protecting  casc,  B 

the  Phillips*  thermometer  inclosed  in  it,  and  supported  by  three 
pieces  of  cork  ccc.     A  small  quantity  of  spirit  «  occupies  the  lower 
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Fig.  IWc. 
Thomson's 
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part  of  the  case;  d  is  the  air-bubble  characteristic  of  Phillips' 
thermometer,  and  serving  to  separate  one  portion  of  the  mercurial 
column  from  the  rest  In  the  figure  this  air-bubble  is  represented  as 
expanded  by  the  descent  of  the  lower  portion  of  mercury,  while  the 
upper  portion  remains  suspended  by  adhesion.  This  instrument  has 
been  found  to  register  correctly  even  under  a  pressure  of  2J  tons  to 
the  square  inch. 

The  use  of  the  spirit  «  is  to  bring  the  bulb  more  quickly  to  the 
temperature  of  the  surrounding  medium. 

Another  instrument,  designed,  like  the  foregoing,  for  ob- 
servations in  wells  and  borings,  is  WaZferdin's  maooimum 
thermometer  (Fig.  196).  Its  tube  terminates  above  in  a  fine 
point  opening  into  a  cavity  of  considerable  size,  which  con- 
tains a  sufficient  quantity  of  mercury  to  cover  the  point 
when  the  instrument  is  inverted.  The  instrument  is  set  by 
placing  it  in  this  inverted  position  and  warming  the  bulb 
until  the  mercury  in  the  stem  reaches  the  point  and  becomes 
connected  with  the  mercury  in  the  cavity.  The  bulb  is  then 
cooled  to  a  temperature  lower  than  that  which  is  to  be  ob- 
served, and  during  the  operation  of  cooling  mercury  enters 
the  tube  so  as  always  to  keep  it  full.  The  instrument  is 
then  lowered  in  the  erect  position  into  the  bore  where  ob- 
servations are  to  be  made,  and  when  the  temperature  of  the 
mercury  rises  a  portion  of  it  overflows  from  the  tube.  To 
ascertain  the  maximum  temperature  which  has  been  experi- 
enced, the  instrument  may  be  immersed  in  a  bath  of  known 
temperature,  less  than  that  of  the  boring,  and  the  amount  of 
void  space  in  the  upper  part  of  the  tube  will  indicate  the 
excess  of  the  maximum  temperature  experienced  above  that  of  the 
bath. 

If  the  tube  is  not  graduated,  the  maximum  temperature  can  be 
ascertained  by  gradually  raising  the  temperature  of  the  bath  till  the 
tube  is  just  full 

If  the  tube  is  graduated,  the  graduations  can  in  strictness  only 
indicate  true  degrees  for  some  one  standard  temperature  of  setting, 
since  the  length  of  a  true  degree  is  proportional  to  the  quantity  of 
mercury  in  the  bulb  and  tube ;  but  a  difference  of  a  few  degrees  in 
the  temperature  of  setting  is  immaterial,  since  10"^  Cent,  would  only 
alter  the  length  of  a  degree  by  about  one  six-hundredth  part 

190.  Thermograph. — A  much  more  complete  method  of  obtaining 


Fig.  196. 


260  THERMOMETRY. 

a  register  of  the  indications  of  a  thermometer  in  the  absence  of  an 
observer  is  now  adopted  in  the  principal  British  observatories.  It 
consists  in  the  photographic  registration  of  the  height  of  the  mercurial 
column  at  every  instant  during  the  entire  day.  A  sheet  of  sensitized 
paper  is  mounted  on  a  vertical  cylinder  just  behind  the  mercurial 
column,  which  is  also  vertical,  and  is  protected  from  the  action  of 
light  by  a  cover  of  blackened  zinc,  with  the  exception  of  a  narrow 
vertical  strip  just  behind  the  mercurial  column.  A  strong  beam  of 
light  from  a  lamp  or  gas  flame  is  concentrated  by  a  cylindric  lens,  so 
that  if  the  thermometer  were  empty  of  mercury  a  bright  vertical 
line  of  light  would  be  thrown  on  the  paper.  As  this  beam  of  light 
is  intercepted  by  the  mercury  in  the  tube,  which  for  this  purpose  is 
made  broad  and  flat,  only  the  portion  of  the  paper  above  the  top  of 
the  mercurial  column  receives  the  light,  and  is  photographically 
affected.  The  cylinder  is  made  to  revolve  slowly  by  clock-work,  and 
if  the  mercury  stood  always  at  the  same  height,  the  boundary  between 
the  discoloured  and  the  unaffected  parts  of  the  paper  would  be  straight 
and  horizontal,  in  consequence  of  the  horizontal  motion  of  the  paper 
itself  In  reality,  the  rising  and  filing  of  the  mercury,  combined 
with  the  horizontal  motion  of  the  paper,  causes  the  line  of  separation 
to  be  curved  or  wavy,  and  the  height  of  the  curve  above  a  certain 
datum-line  is  a  measure  of  the  temperature  at  each  instant  of  the 
day.^  The  whole  apparatus  is  called  a  thermograph,  and  apparatus 
of  a  similar  character  is  employed  for  obtaining  a  continuous  photo- 
graphic record  of  the  indications  of  the  barometer^  and  magnetic 
instruments. 

191.  Metallic  Thermometers. — Thermometers  have  sometimes  been 
constructed  of  solid  metals.  Breguet's  thermometer,  for  example 
(Fig.  197),  consists  of  a  helix  carrying  at  its  lower  end  a  horizontal 
needle  which  traverses  a  dial  The  helix  is  composed  of  three 
metallic  strips,  of  silver,  gold,  and  platinum,  soldered  together  so  as 
to  form  a  single  ribbon.  The  silver,  which  is  the  most  expansible,  is 
placed  in  the  interior  of  the  helix ;  the  platinum,  which  is  the  least 

^  StricUy  speaking,  the  temperatures  oorresponding  to  the  various  points  of  the  curve  are 
not  read  off  by  reference  to  a  single  datum- line,  but  to  a  number  of  datum-lines  which 
represent  the  shadows  of  a  set  of  horizontal  wires  stretched  across  the  tube  of  the  ther- 
mometer at  each  degree,  a  broader  wire  being  placed  at  the  decades,  and  also  at  32°,  52°, 
and  72*. 

In  order  to  give  long  degrees,  the  bulb  of  the  thermometer  is  made  very  large — eight 
inches  long,  and  '4  of  an  inch  in  internal  diameter. — {Greenwich  Obtervatums,  1847.) 

•  See  §  110a. 
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expansible,  on  the  exterior;  &nd  the  gold  serves  to  connect  them. 
When  the  temperature  rises,  the  helix  unwinds  and  produces  a 
deflection  of  the  needle;  when  the  temperature  falls,  the  helix  winds 
up  and  deflects  the  needle  in  the  opposite  direction. 

Fig.  1 98  represents  another  dial-thermometer,  in  which  the  thermo- 
metric  portion  is  a  double  strip  composed  of  steel  and  brass,  bent  into 


a  circular  form.  One  extremity  is  fixed,  the  other  is  jointed  to  the 
shorter  arm  of  a  lever,  whose  longer  arm  carries  a  toothed  sector. 
Thifl  latter  works  into  a  pinion,  to  which  the  needle  is  attached. 

It  may  be  remarked  that  dial-thermometers  are  very  well  adapted 
for  indicating  maximum  and  minimum  temperatures,  it  being  only 
□ecessary  to  place  on  opposite  aides  of  the  needle  a  pair  of  movable 
indices,  which  could  be  pushed  in  either  direction  according  to  the 
variations  of  temperature. 

Olenerally  speaking,  metallic  thermometers  offer  great  fiicilities  for 
automatic  registration. 

In  Secchi'a  meteorograph,  for  example,  the  temperature  is  indi- 
cated and  restored  by  the  expansion  of  a  long  strip  of  brass  (about 
]  7  metres  long)  kept  constantly  stretehed  by  a  suitable  weight ;  this 
expansion  is  rendered  sensible  by  a  system  of  levers  connected  with 
the  tracing  point  The  thermograph  of  Hasler  and  Escher  consists  of 
a  steel  and  a  brass  band  connected  together  and  roUed  into  the  form 
of  a  spiral  The  movable  extremity  of  the  spiral,  by  acting  upon  a 
projecting  arm,  produces  rotation  of  a  steel  axis  which  carries  the 
tr&cer. 

192,    Pyrometers. — Metallic   thermometere   can  generally  be  em- 


262  THERMOIUETRY. 

ployed  for  meaeurlDg  higher  temperatures  than  a  mercurial  ther- 
mometer could  bear ;  but  there  is  great  difficulty  in  coDstructiug  aoy 
iustrumeut  to  measure  temperatures  as  high  as  those  of  fumacea 
Instruments  intended  for  this  purpose  are  called  pyromet«r& 

Wedgwood,  the  famous  potter,  invented  an  apparatus  of  this  kind, 
consisting  of  a  gauge  for  measuring  the  contraction  experienced  by  a 
piece  of  baked  clay 
when  placed  in  a  fiir- 
naoe;  and  Broagni- 
art  introduced  into 
the  porcelain  manu- 
factory at  Sevres 
Fit  i».-B™M!ni«.  pj^mrt^,  the    instrument   re- 

presented  inFig.  199, 
consisting  of  an  iron  bar  lying  in  a  groove  in  a  porcelain  slab,  with 
one  end  abutting  against  the  bottom  of  the  groove,  and  the  other 
projecting  through  the  side  of  the  furnace,  where  it  gave  motion  to 
an  indicator. 

Neither  of  these  instruments  has,  however,  been  found  to  furnish 
consistent  indications,  and  the  only  instrument  that  is  now  relied 
on  for  the  measurement  of  very  high  temperatures  is  the  air-ther- 
mometer. 

193.  Difl^rential  Thermometer. — Leslie  of  Edinburgh  invented,  in 
the  beginning  of  the  present  century,  an  ingenious  instrument  which 
enables  us  to  measure  small  variations  of  temperature.  A  column  of 
sulphuric  acid,  coloured  red,  stands  in  the  two  branches  of  a  bent 
tube,  the  extremities  of  which  terminate  in  two  globes  of  equal 
volume  (Fig.  200). 

When  the  air  contained  in  the  two  globes  is  at  the  same  tempera- 
ture, whatever  that  temperature  may  be,  the  liquid,  if  the  instrument 
is  in  order,  stands  at  the  same  height  in  the  two  branchea  This 
point  is  marked  zero.  One  of  the  globes  being  then  maintained  at  a 
constant  temperature,  the  other  is  raised  through,  for  instance,  5  de- 
grees, when  the  column  rises  on  the  side  of  the  colder  globe  up  to  a 
point  a,  and  descends  on  the  other  side  to  a  point  b.  Suppose  the 
space  traversed  by  the  liquid  in  each  branch  to  be  divided  into  10 
equal  parts,  each  part  will  be  equivalent  to  a  quarter  of  a  degree. 
This  division  is  continued  upon  each  branch  on  both  sides  of  zero. 
The  differential  thermometer  is  an  instrument  of  great  sensibility, 
and  enabled  Leslie  to  make  some  very  delicate  investigations  on  the 
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subject  of  the  radiation  of  heat.  It  is  now,  however,  superseded  by 
the  tbermo-pile  invented  hy  MelionL  This  latter  instrument  will  be 
described  in  another  portion  of  this  work.  Romford's  thermoscope 
CFig.  201 )  is  analogous  to  Leslie's  differential  thermometer.    It  differs 


Fif.  200,— L«lio'i  Dilftmitlil  ThormometB-.  Fig.  Wl.-  Rumford'i  ThormMoops. 

from  it  in  having  the  horizontal  part  much  longer,  and  the  vertical 
branches  shorter.  In  tbe  horizontal  tube  is  an  alcohol  index,  which, 
when  the  two  globes  are  at  the  same  temperature,  occupies  exactly 
tbe  middle. 

Tbe  tube  is  divided  into  equal  parte,  and  the  number  of  divisions 
traversed  by  the  index  is  proportional  very  nearly  to  the  difference 
of  temperature  between  the  two  bulbs. 


CHAPTER   XX. 


FORMULiE  BELATINQ  TO  EXPANSION. 


194.  Measure  of  Ezpaneion,  Modulus  of  Expansion. — When  a  sub- 
stance expands,  so  that  its  volume  changes  from  V  to  V'=V+t;,  the 

ratio  ^  is  the  numerical  measure  of  the  expansion  par  unit  volume, 

and  is  usually  called  simply  the  expansion  of  the  substance. 

Another  ratio  which  it  is  frequently  necessary  to  consider,  is  y,  or 

1  +y,  that  is  to  say,  the  ratio  of  the  final  to  the  initial  volume.  This 
may  conveniently  be  called  the  factor  of  expansion,  or  the  expandon 
factor.  If  m  denote  the  expansion,  1  +m  will  be  the  factor  of  ex- 
pansion, and  we  have 

V'  =  V(1+to).  (1) 

195.  CoefiDicient  of  Expansion. — It  often  happens  that  when  the 
temperature  of  a  body  is  increased  by  successive  equal  amounts, 
the  successive  increments  of  volume  are  also  equal  In  this  case  the 
body  is  said  to  expand  uniformly  between  the  extreme  temperatures, 
and  if  V  denote  the  volume  of  the  body  at  0**  Cent.,  and'  V  its 
volume  at  f,  then  we  have 

V'=V(i+KO;  (2) 

where  K  is  a  constant  number,  called  the  coefiicient  of  expansion 
per  degree  Centigrade. 

The  coefficient  of  expansion  per  degree  Fahrenheit  will  be  f  of 
this  value  of  E,  and  the  coefficient  of  expansion  for  the  interval 
from  O''  to  100°  C.  (if  the  expansion  be  uniform  through  this  range) 
will  be  100  K. 

196.  It  is  usual  to  employ  the  name  coefficient  of  etcpaTiaion  to 
denote  the  coefficient  of  expansion  per  degree,  the  thermometric  scale 
referred  to  being  stated  in  the  context. 
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Example.  The  volume  of  a  glass  vessel  is  450  cubic  inches  at 
0°  C;  find  its  volume  at  80°  C,  the  coefficient  of  espaosion  for  glass 
being  D0002.     By  (1)  we  have 

V  =  J50  (1  +  BO  x  -00002}  =  450-72  cubi«  bcli«a. 

197.  Cable,  Linear,  and  Snperflcial  EzpanBian. — Thus  far  we  have 
considered  only  expansion  of  volume.  When  a  solid  body  expands, 
we  may  consider  separately  the  increase  of  one  of  the  linear  dimen- 
sions of  the  body;  this  is  called  the  linear  expansion.  Or  we  may 
consider  the  increase  in  area  of  any  portion  of  its  surface,  which  is 
called  the  superficial  expansion;  or  finally,  the  increase  of  volume, 
which  is  called  expansion  of  volume,  or  cvhical  expan^on.  By 
substituting  the  words  "length"  and  "stirrace"foi'  "volume"  in  §194 
we  obtain  definitions  of  linear  and  superficial  expansion  as  numerically 
expressed,  and  we  can  demonstrate  the  two  following  propositions : — 

(1.)  The  cubical  expansion  is  three  times  the  linear  expansion. 

(2)  The    superficial   expansion  is  twice  the 
linear  expansion. 

Suppose  Fig.  202  to  represent  a  cube  formed 
of  any  substance,  and  let  the  length  of  each  edge 
of  the  cube  be  unity  at  zero ;  the  volume  is  con- 
sequently equal  to  1,  and  the  area  of  any  one 
of  the  faces  is  also  represented  by  1.  If  the 
body  be  heated  to  any  temperature  (,  each  of  the 
edges  will  increase  by  a  certain  quantity  I,  and  the  area  of  each  face 
will  become  (}+l)*=l  +  2l+P,-wbile  the  volume  of  the  cube  will 
become 

But  as  the  quantity  I,  which  represents  the  linear  expansion,  is 
always  very  small,  we  may,  without  sensible  error,  neglect  its  second 
and  third  powers  in  comparison  with  its  first  power.  We  thus  see 
that  the  increase  in  area  of  one  of  the  faces  of  the  cube  is  sensibly 
equal  to  21,  and  that  the  increase  in  volume  is  seusibly  equal  to  3/, 
wbich  proves  the  propositions.  These  propositions  evidently  hold 
for  the  coefficients  of  expansion,  so  that  we  may  say  that  the  coeffi- 
cient  of  linear  expansitm  is  equal  to  one-third  of  the  coefficient  of 
cubical  expaTision,  and  io  one-half  of  the  coefficient  of  superficial 
expansion. 

The  above  demonstration  supposes  the  body  to  remain  similar  to 
itself  during  expansion,  which  is  not  the  case  with  bodies  of  a  fibrous 
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or  laminated  structure,  nor  with  crystals,  except  those  belonging  to 
the  cubic  system. 

198.  Various  Fonnnl». — From  equations  (1)  and  (2)  we  may  find 
the  value  of  V  in  terms  of  V,  thus, 

that  is  to  say,  given  the  volume  of  a  body  at  a  certain  temperature, 
the  volume  at  zero  is  found  by  dividing  the  given  volume  by  tiie 
factor  of  expansion. 

Formulae  (1),  (2),  (3),  and  (4)  are  particular  cases  of  a  more  general 
formula.  Let  V  and  V  be  the  volumes  of  the  same  body  at  tempera- 
tures t  and  t'  respectively,  U  the  volume  at  zero,  K  the  coefficient  of 
expansion,  and  m  and  m  the  respective  expansions  between  0  and  ty 
and  0  and  t\     We  then  have,  by  formulae  (1)  and  (2), 


whence  by  division 


V  =  U(l+m)=:U  a+KO 
V'=:U(l  +  in')=U(l  +  KO; 


(5) 


V'"l  +  j»'"l  +  K^' 


or  the  volumes  of  the  same  body  at  different  temperatures  are  pro- 
portional to  the  factors  of  expansion. 

The  above  formulae  are  evidently  applicable  also  to  Uneai*  and  super- 
ficial expansions. 

199.  Influence  of  Temperature  upon  Density. — ^As  the  density  of  a 
substance  is  inversely  as  the  volume  occupied  by  unit  mass,  it  follows 
from  last  section  that  the  densities  of  the  same  substance  at  different 
temperatures  are  inversely  as  the  factors  of  expansion,  so  that  if  D, 
D',  Dq  denote  the  densities  at  the  temperatures  t,  t\  0,  then 

I)  _l+m'^l+Kir 
jy     1+m     l+'Kt' 

200.  Correction  of  Specific  Oravity  for  Temperature. — Let  d  be  the 
density  of  a  substance  at  temperature  f  Cent.,  and  d^  its  density  at 
0°  C.  Also,  let  D  be  the  density  of  water  at  f  C,  and  D^  its  density 
at  4°  C.  (the  temperature  of  maximum  density).     Then  if  the  specific 


EXPANSION  OF  GASE&  267 

gravity  of  the  substance  be  computed  by  comparing  its  density  with 
that  of  water  at  the  same  temperature,  as  in  the  ordinary  methods  of 

experimental  determination,  the  specific  gravity  thus  obtained  is  ^, 

and  has  different  values  according  to  the  temperature  at  which  the 
determination  is  mada 
The  specific  gravity  as  commonly  given  in  tables  is  the  value  of 

g^;  that  is  to  say,  is  the  ratio  of  the  density  of  the  substance  at  0°  C. 

to  that  of  water  at  the  temperature  of  maximum  density.   The  tabular 

specific  gravity  is  easily  derivable  from  the  observed  specific  gravity  j^> 

if  the  law  of  expansion  of  the  substance  be  known;  for  if  1+m 
be  the  factor  of  expansion  of  the  substance  from  0°  C.  to  f  C,  and 
1  +e  the  fisu^tor  of  expansion  of  water  from  4°  C.  to  f  C,  then 

d^^d  (1+m) 
D4  =  D(l+«). 

Hence, 

— *  =  —  — — — ,  or  the  oorrectinff  factor  required  ia . 

In  the  case  of  solid  bodies  this  correction  is  generally  of  little  im- 
portance ;  but  in  determining  the  specific  gravities  of  liquids,  espe- 
cially those  which  are  very  expansible  by  heat,  it  cannot  be  neglected. 

201.  Formal»  for  the  Expansion  of  Oases. — The  volume  of  a  gas 
depends  both  on  the  temperature  and  on  the  pressure  to  which  it  is 
Subjected;  hence  the  formulae  of  expansion  for  this  class  of  bodies  are 
somewhat  more  complicated.  Suppose  we  wish  to  find  the  relation 
between  the  volumes  Y  and  V  of  the  same  mass  of  gas  at  tempera- 
tures t  and  fy  and  under  pressures  P  and  F  respectively.  Let  U  be 
the  volume  of  the  given  mass  of  gas  at  pressure  P  and  temperature 
^,  and  let  a  be  the  coefficient  of  expansion  of  the  gas. 

The  two  volumes  Y  and  U,  being  under  the  same  pressure,  are 
proportional  to  the  expansion  factors  corresponding  to  their  tempera- 
tures (§  198),  which  gives 

V^l+ae 

The  volumes  U  and  V',  at  the  same  temperature  t\  are,  by  Boyle  s 
law,  inversely  proportional  to  the  pressures;  whence  we  have 

UP 

V'~P' 

From  these  two  equations  we  obtain  by  multiplication 
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which  means  that  the  volumes  assumed  by  the  same  mass  of  gas  art 
inversely  proportioTial  to  the  pressures,  and  directly  proportiorud 
to  the  expansion  factors  corresponding  to  the  temperatures. 

From  equation  (9)  we  may  easily  deduce  another  equation,  by 
remarking  that  the  densities  of  the  same  quantity  of  gas  most  be 
inversely  as  the  volumes  occupied.     Thus  we  have 

?=?.l±f^,  (10) 

which  signifies  that  the  density  of  a  gas  varies  directly  as  the  pres- 
sure, and  inversely  as  the  expansion  factor  corresponding  to  the 
temperature. 
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EXPANSION   OF  SOLIDS. 


L 


-"  i' 


B      B' 


202.  Laplace  and  Lavoisier's  Experiments. — Laplace  and  Lavoisier 
determined  the  linear  expansion  of  a  great  number  of  solids  by  the 
following  method. 

The  bar  AB  (Fig.  203)  whose  expansion  is  to  be  determined,  has 
one  end  fixed  at  A,  while  the  other  can  move  freely,  pushing  before 
it  the  lever  OB,  which  is  ^ 
movable   about   the   point 

0,    and     carries    a    tele-     -i^  l 

scope  whose  line  of  sight 
is  directed  to  a  scale  at 
some  distance.  It  is  evi- 
dent that  a  displacement 
BE'  will  correspond  to  a 
considerably  greater  length 
CC  on  the  scale,  which  will 
increase  with  the  distance 
of  the  scale  from  the  telescope.  The  ratio  of  CC  to  BB'  is  equal 
to  the  ratio  of  OC  to  OB,  and  is  the  same  throughout  the  whole 
course  of  experimenta  In  order  to  determine  this  ratio  once  for  all, 
we  have  only  to  measure  the  distance  CC  on  the  scale  correspond- 
ing to  a  knovm  displacement  BB'. 

The  apparatus  employed  by  Laplace  and  Lavoisier  is  shown  in  Fig. 
204.  The  trough  C,  in  which  is  laid  the  bar  whose  expansion  is  to 
be  determined,  is  placed  between  four  massive  uprights  of  hewn  stone 
N.  One  of  the  extremities  of  the  bar  rests  against  a  fixed  bar  B', 
firmly  joined  to  two  of  the  uprights;  the  other  extremity  pushes  the 
bar  B,  which  produces  the  rotation  of  the  axis  aa\  This  axis  carries 
with  it  in  its  rotation  the  telescope  LL',  which  is  directed  to  the 


Pig.  808. 
Principle  of  Uie  Method  of  Laplace  and  Lavoiaier. 
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scale.     The  first  step  is  to  surround  the  bar  with  meltJng  ice,  and  then 
observe  the  number  on  the  scale  marked  by  the  line  of  sight  of  the 


telescopa  The  temperature  of  the  trough  is  theu  raised,  and  the 
correspooding  increase  of  length  is  measured. 

I^place  and  Lavoisier  have  discovered  by  this  means  that  the 
expansion  of  solids  is  sensibly  uniform  between  0°  and  100°  C;  abo^e 
this  latter  point  it  varies  with  the  temperature. 

The  following  table  contains  the  most  important  results  obtained 
by  them : — 

COEPPtCIEHTS  OF  LlNKAR  ElPlHSIOM. 

Oo1d,Pari«>Undard,aimeBled,0-00001615S  i 

„  „  UDumealed,  0000016515  I 

Steel  not  tempared,      .      .      .     0000010792 

TemperedBteeIreheatedta65°,O'0OO01S395  ' 

Silver  obtained  by  oupellation,  0'0000190T5  ' 

SUver,  Pari!  atandacd,     .     .     0  000019080  ' 

Copper, 0000017173  i 

Bn«, 0'00001S7S2  j 

MklMoatiii, 0*000019376 

Falmouth  tin, 0000021729  { 

A  simpler  and  probably  more  accurate  method  of  observing  expan- 
sions was  employed  by  Kamsden  and  Roy.  It  consists  in  the  direct 
observation  of  the  distance  moved  by  either  end  of  the  bar,  by  means 
of  two  microscopes  furnished  with  micrometers,  the  microscopes 
themselves  being  attached  to  an  apparatus  which  is  kept  at  a  constant 
temperature  by  means  of  ice. 

203.  Compeasatiag  Pe&dalam, — Tbe  pendulum,  as  we  know,  r^- 


Soft  wrought  iron,      .     . 

OOOO0122OI 

Hound  iron,  wiro  drawn, 

O-OOOO12S50 

English  flint-glaaa,      .     . 

0-000008116 

Gold,  proeuTHd  bj  parting. 

O-OOOOHOeO 

Platina 

0-000009918 

Lead, 

0-000088483 

French  glass  with  lead,    . 

O-00000871S 

Sheet  rino, 

O-OOO02941fi 

Foigednnc,      .... 

0000031089 

COHPENSATIMO   PENDULUM.  271 

lates  the  motion  of  a  clock.  Suppose  (he  clock  to  keep  exact  time 
at  the  temperature  of  zero;  (hen  if  the  temperature  risea  the  length 
of  the  pendulum  will  increase,  and  with  it  the  duration  of  each  oscilla- 
tion, so  that  the  clock  will  lose.  The  opposite  effect  would  be  pro- 
duced by  a  fell  of  the  temperature  below  zero.  We  tbua  see  that 
clocks  are  liable  to  go  too  fast  in  winter,  and  too  slow  in  summer, 
and  that  we  must  move  the  bob  of  the  pendulum  from  time  to  time 
in  order  to  insure  their  regularity. 

The  effect  of  temperature  may  be  notably 
diminished  by  means  of  compensating  pendu- 
lums,  of    which    there   are    several    different 

1.  Harrison'a  Gridiron  Pendulum..  — This 
consists  of  four  oblong  frames,  the  uprights  of 
which  are  alternately  of  steel  F  and  of  bra.<» 
C  (Fig.  205);  the  brass  uprights  rest  upon 
the  bottom  of  the  steel 
frames,  and  to  the  top 
of  the  second  brass 
frame  is  attached  the 
steel  rod  carrying  the 
bob.  From  this  ar- 
rangement it  follows 
that  the  effect  of  the 
lengthening  of  the  steel 
rods  will  be  to  lower 
the  bob,  while  that  of 
the  lengthening  of  the 
brass  rods  will  be  to 
raise  it  It  will  be  seen 
that  these  two  effects 
may  b«  made  com- 
plet«ly  to  neutralize 
each    other ;    we    have 

only  to  insure  that   tbe      pj^  „,  arUiren  Fendnlnm.  Gridiron  PaidulmB. 

whole  expansion  of  the 

steel  shall  be  equal  to  that  of  the  brass.'      If  L  and  L'  be  the 

'  Ai  the  weigiit  of  the  frame  cannot  be  altogether  neglected,  «id  the  ohange  of  dimen- 
Biona  produced  by  eipaiuion  affecla  tha  moment  of  inertia,  the  condition  of  compensation 
•tatad  in  the  teit  can  only  be  taken  as  opproiimate. 
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sum  of  the  lengths  of  the  steel  and  brass  rods  respectively;  then 
this  neutralizatioa  will  be  effected  if  LKt^L'K't,  or  if  LK  =  L'K', 
where  K  and  K'  are  the  respective  coefficients  of  expansion  of  steel 
and  brass. 

From  the  table  on  page  270  we  learn  that  K  is  about  |  K'; 

thus  the  sum  of  the  lengths  of  the  brass  rods  must  be  about  j 

of  thfit  of  the  steel  rods.     This  result  shows  that  we  must  have  at 

least  two  bi-ass  frames,  for  with  only  one  the  compensating  effect 

could  not  be  produced,  as  the  length  of  the  steel  roda  would  in  that 

case  be  about  double  that  of  the  brass.     If  we  wish  to  have  only  a 

ungle  frame  of  each  different 

metal,  we   must   choose  two 

whose  difference  of  expansion 

is  much  more  marked;  such, 

for  instance,  as  iron  and  zinc, 

which  are  employed  in  Jur- 

gensen's  pendulum. 

In  order  that  the  compen- 
sation may  be  complete,  the 
centre  of  oscillation  ^  46) 
must  remain  at  the  same  dis- 
tance from  the  centre  of  sos- 
pension.  The  screw  above 
the  bob,  shown  in  Fig.  206, 
enables  us  to  attain  thb  end 
by  slightly  raising  or  depress- 
ing the  bob,  and  is  intended 
to  be  used  once  for  all  to  a<l- 
just  the  pendulum  to  the  pro- 
per rate. 

2.  Graham's  Pendulum. — 

This  consists  of  an  iron  rod 

carrying  at  its  lower  end  a 

frame,  in  which  are  fixed  one 

or  two  glass   cylinders  con- 

M^^'p^^il  EUiMti^FSoi,™.      taining  mercury.     When  the 

temperature  rises  the  lengti>- 

ening  of  the  rod  lowers  the  centre  of  gravity  and  centre  of  osdl- 

latioQ  of  the  whole;  but  the  expansion  of  the  mercury  produces  the 

contrary  effect;  and  it  will  readily  be  understood  that  the  quantity 
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of  mercury  in  the  cylinders  may  be  such  as  to  produce  an  approxi- 
mately perfect  compensation. 

3.  EUicoWs  PendvZum. — This  pendulum,  which  was  invented  in 
England  in  the  last  century,  is  known  in  France  as  Brocot's  pendu- 
lum, and  is  frequently  used  in  small  French  docks.  The  main  rod 
/  is  of  iron.  Attached  to  a  cross  bar  at  the  upper  part  of  this  rod  are 
two  brass  rods  cc,  which,  by  means  of  the  levers  a  a  and  the  pins  tt, 
attached  to  the  bob,  raise  this  latter  when  the  temperature  rises. 
The  arms  of  the  levers  may  evidently  be  so  chosen  as  to  maintain 
the  centre  of  oscillation  at  an  invariable  distance  &om  the  axis  of 
suspension,  by  means  of  the  different  expansive  powers  of  iron  and 
brass. 

204.  Force  of  Expansion  of  SolidB. — ^The  force  of  expansion  is  very 
considerable,  being  equal  to  the  force  necessary  to  compress  the  body 
to  its  original  dimensions.  Thus,  for  instance,  iron  when  heated  from 
0*  to  100**  increases  by  '0012  of  its  original  length.  In  order  to  pro- 
duce a  corresponding  change  of  length  in  a  rod  an  inch  square,  a 
force  of  about  15  tons  would  be  required  It  would  be  useless  to 
attempt  to  offer  any  mechanical  resistance  to  a  force  so  enormous; 
the  only  thing  that  can  be  done,  in  the  case  of  structures  in  which 
metals  are  employed,  is  to  arrange  the  parts  in  such  a  manner  that 
the  expansion  shall  not  be  attended  with  any  evil  effects.  Thus,  in 
a  railway,  the  rails  do  not  touch  each  other,  a  small  interval  being 
left  to  allow  room  for  the  variations  of  length.  Iron  beams  employed 
in  buildings  must  have  the  end  free  to  move  forward  without  encoun- 
tering any  obstacles,  which  they  would  inevitably  overthrow.  Sheets 
of  zinc  and  lead  employed  in  roofing,  are  so  arranged  as  to  be  able  in 
a  certain  extent  to  overlap  each  other  on  expansion. 

We  may  further  remark  that  the  expansion  of  metals,  though 
relatively  very  smaU,  may  practically  become  very  considerable,  if 
the  length  of  metal  which  expands  is  sufficiently  great.  Suppose  we 
take  as  an  instance  the  length  of  railway  from  London  to  Edinburgh, 
which  is  about  400  miles.  The  extreme  variations  of  temperature 
from  winter  to  summer  are  about  50°  C,  which'  would  produce  a 
variation  of  length  amounting  to  400  X  5280  X  00061=1 288  feet 
The  actual,  variation  is  very  considerable,  and  if  the  rails  formed  a 
continuous  line  at  a  certain  temperature,  this  line  would  be  inter- 
rupted or  broken  in  pieces  upon  a  change  of  temperature  occurring 
in  either  direction. 

205.  Conversion  of  Heat  into  Work. — In  conclusion,  we  may  remark 

18 
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that  heat  when  applied  to  a  bar  of  metal  produces  two  distinct  and 
separate  effects;  one  shown  in  the  rise  of  temperature,  and  .the  other 
in  the  increase  of  volume.  We  may  reasonably  suppose  that  if  the 
solid  body  were  heated  under  such  conditions  as  to  preclude  its  expan- 
sion, the  same  quantity  of  heat  would  produce  a  much  greater  tLer- 
mometric  effect  than  in  the  former  case.  A  similar  remark  applies  to 
liquids  and  gases,  and  can  be  easily  verified  by  experiment  in  the 
case  of  these  latter.  Here,  then,  is  the  first  instance  of  a  physical 
phenomenon  of  very  frequent  occurrence,  namely,  the  conversion  of 
heat  into  work,  or  reciprocally,  of  work  into  heat.  Whenever  a 
quantity  of  heat  appears  to  be  lost,  the  reason  is  that  a  corresponding 
amount  of  work  is  produced.  If,  on  the  other  hand,  work  is  done  in 
compressing  a  body,  so  as  to  reduce  it  to  the  volume  which  it  would 
occupy  at  a  lower  temperature,  a  rise  of  temperature  is  necessarily 
produced 
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206.  Relation  between  Real  and  Apparent  Expansion. — If  a  vessel 
containing  a  liquid  be  beaied,  the  level  of  the  liquid  rises,  in  conse- 
quence of  the  excess  of  the  expansion  of  the  liquid  over  that  of  the 
vessel  The  observed  increase  of  volume,  not  corrected  for  the  ex- 
pansion of  the  vessel,  is  called  the  apparent  expansion  It  is  evidently 
lees  than  the  real  expansion,  for  if  the  volume  of  the  vessel  had 
remained  the  same,  the  level  would  have  risen  higher. 

The  coefficients  of  real  and  apparent  expansion  are  connected  with 
the  coefficient  of  expansion  of  the  vessel  by  a  very  simple  relation. 

Let  us  take  the  case  of  a  liquid  contained  in  a  vessel  similar  to  a 
thermometer  in  shape,  that  is,  suppose  the  tube  to  be  divided  into 
parts  of  equal  capacity,  and  that  we  know  by  previous  gauging  how 
many  divisions  are  equivalent  to  the  volume  of  the  reservoir. 

Let  n^  denote  the  number  of  divisions  occupied  by  the  liquid  at 
zero,  and  Ut  the  number  of  divisions  occupied  at  temperature  f. 

Then  ^  is  the  £a.ctor  of  apparent  expansion,  and  ^  —  1  is  the 

apparent  expansion. 

Let  us,  for  simplicity,  take  for  our  unit  of  volume  the  volume  of  a 
division  at  zero.  Then  if  K-be  the  expansion  of  the  glass,  the  volume 
of  a  division  at  f  will  be  1 +K. 

The  volume  of  the  liquid  sifiant  of  these  divisions,  and  is  there- 
fore Ui  (1+K). 

But  if  m  be  the  real  expansion  of  the  liquid,  the  volume  at  f  is 
(1  +m)  n^,  since  n^  is  the  volume  at  zero. 

Hence  we  have 

nt(l  +  K)  =  (l+m)no; 

and 

nt     1+TO 
^*1  +  K- 
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That  is,  Uie  factor  of  apparent  expaTiaion  is  equal  to  the  factor  of 
real  expansion  of  the  liquid  divided  by  that  of  the  vessd.  Denote 
the  fieu^r  of  apparent  expansion  by  1  +  a. 

Then  since  from  above 

1  l+m 

we  have 

l+m=  (1  +  /^)  (1+K)=1  +  a+K+AK; 

whence 

msA+K+AK; 

or  since  aE  is  much  smaller  than  either  A  or  K,  and  may  in  general 
be  neglected, 

m=A-l-K 

That  is,  the  real  expansion  of  the  liquid  is  equal  to  the  apparent 
expansion  plus  the  expansion  of  the  vessel;  and  consequently,  the 
coefficient  of  real  expansion  is  equal  to  the  coefficient  of  apparent 
expansion  plus  the  coefficient  of  expansion  of  the  vessel, 

207.  Expansion  of  Glass. — By  means  of  this  relation  we  can  find 
the  coefficient  of  expansion  of  any  kind  of  glass ;  we  have  only  to 
measure  the  coefficient  of  apparent  expansion  of  the  mercury  in  a 
thermometer  made  of  this  glass,  and  to  subtract  it  &om  the  coefficient 
of  absolute  expansion  of  the  metal,  which,  as  we  shall  see  afterwards, 

is  equal  to  ^^.     The  coefficient  of  apparent  expansion  varies  a  littlo 

according  to  the  quality  of  the  glass  employed;  if  we  take  it  as  jjgy 

which  is  Dulong  and  Petit's  determination  of  its  mean  value,  we  shall 
have  for  the  coefficient  of  expansion  of  glass 

5550  6480  88700 

208.  Expansion  of  any  Liquid. — The  coefficient  of  expansion  of  the 
glass  of  which  a  thermometer  is  composed  being  known,  we  may  use 
the  instrument  to  measure  the  expansion  of  any  liquid.  For  this 
purpose,  the  liquid  whose  coefficient  of  expansion  is  to  be  determined 
is  introduced  into  the  thermometer,  and  the  number  of  divisions  n^ 
and  n^  occupied  by  the  liquid  at  the  temperatures  0**  and  f  respec- 
tively, are  observed  Then,  if  D,  A,  K,  be  the  coefficients  of  real 
expansion,  of  apparent  expansion,  and  of  expansion  of  the  glass^  each 
reckoned  per  degree  Centigrade,  we  have 

^  —  1  =  A  ^  whence  a  is  known ;  and 
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1+I>=(1  +A)  (1+K),  or  D=A+K  nearly,  whence  D  ia  known. 

M.  Pierre  has  performed  an  extensive  series  of  experiments  by  this 
method  upon  a  great  number  of 
liquids. 

The  apparatus  employed  by 
liim  is  shown  in  Fig.  209.  The 
tfaermometer  containing  the  given 
liquid  is  fixed  beside  a  mercurial 
thermometer,  which  marks  the 
temperature.  The  reservoir  and 
a  small  part  of  the  tube  are  im- 
mersed in  the  bath  contained  in 
the  cylinder  below.  The  upper 
parts  of  the  stems  are  inclosed  in 
a  second  and  smaller  cylinder,  the 
water  in  which  is  maintained  at  a 
'  sensibly  constant  temperature  in- 
dicated by  a  very  delicate  thermo- 
meter. 

From  these  experiments  it  ap- 
pears that  the  expansions  of  li- 
quids are  in  general  much  greater 
than  those  of  solids.  Further,  ex- 
pansion does  not  proceed  uni- 
formly, as  compared  with  the  yig.  m.-fi™-.  Api«.t« 
indications  of  a  mercurial  ther- 
mometer, but  increases  very  perceptibly  as  the  temperature  rises. 
This  is  shown  by  the  following  table: — 


VolDma  U  r. 

TolaiM  it  lO*. 

VDlomeatM 

W»tar 

1-000146 

1-007193 

Alcohol 

lOlOSSl 

1-041882 

Ether 

1-016^08 
1-011561 

1-066S63 

Bianlptiide  of  orboD.. 

1-04900S 

Wood-Bpirit. 

1012020 

1-060506 

209.  Kaiimnm  Density  of  Water. — By  applying  the  experimental 
method  just  described  to  the  case  of  water,  we  may  easily  observe 
the  volume  occupied  by  the  same  weight  of  this  liquid  at  different 
temperatures,  and  it  has  thus  been  found  that  this  volume  is  least  at 
4"  Centigrade.  At  this  temperature,  accordingly,  the  density  of  water 
is  a  maximum,  so  that  if  a  quantity  of  water  at  this  temperature  be 
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either  h^ted  or  cooled  it  undergoes  an  increase  of  volume.  This  is 
a  Gurioua  and  unique  exception  to  the  general  law  of  expansion  by 
heat. 

This  anomaly  may  be  exhibited  by  means  of  the  apparatus  repre- 
sented in  Fig.  210,  which  consists  of  two  thermometers,  one  of 
alcohol,  and  the  other  of  water.  The  reservoir  of  this  latter,  on 
account  of  the  smaller  expansive  power  of  the  liquid,  is  a  long  spiral, 
enveloping  that  of  the  alcohol  thermometer. 
Both  the  reservoirs  are  contained  in  a  metal 
box,  which  is  at  first  filled  with  melting  ice. 
The  two  instruments  are  so  placed,  that  at 
zero  the  extremities  of  the  two  liquid  columns 
are  on  the  same  horizontal  line.  This  being 
the  case,  if  the  ice  be  now  removed,  and  the 
apparatus  left  to  itself,  or  if  the  process  be 
accelerated  by  placing  a  spirit-lamp  below 
the  box,  the  alcohol  will  immediately  be  seen 
to  rise,  while  the  water  will  descend;  and  the 
two  liquids  will  thus  continue  to  move  in 
opposite  directions  until  a  temperature  of 
about  4°  is  attained.  From  this  moment  the 
water  ceases  to  descend,  and  b^ins  to  move 
in  the  same  direction  as  the  alcohoL  This 
experiment,  although  very  well  adapted  for 
exhibiting  the  phenomenon,  does  not  enable 
us  to  measure  exactly  the  temperature  of 
maximum  density,  since  it  is  the  appaj^nt, 
and  not  the  real,  expansion  of  water  which 
is  thus  observed.  The  following  experiment,  which  is  doe  to  Hope, 
is  more  rigorous. 

A  glass  jar  is  employed,  having  two  lateral  openings,  one  near  the 
top  and  the  other  near  the  bottom,  which  admit  two  thermometers 
placed  horizontally.  The  tube  is  filled  with  water,  and  its  middle  is 
surrounded  with  a  frigorific  mixtura  The  following  phenomena  will 
then  be  observed. 

The  lower  thermometer  descends  steadily  to  4°,  and  there  remtuns 
stationary.  The  upper  thermometer  at  first  undergoes  very  little 
change,  but  when  the  lower  one  has  reached  the  fixed  temperature, 
the  upper  one  begins  to  fall,  reaches  the  temperature  of  zero,  and, 
finally,  the  water  at  the  surfjice  freezes,  if  the  action  of  the  frigorific 
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Pig.  211. 
Hope's  Experiment. 


mixture  continues  for  a  sufficiently  long  time.     These  facts  admit  of 
a  very  simple  explanation. 

As  the  water  in  the  middle  portion  of  the  tube  grows  colder  its 
density  increases,  and  it  sinks  to  the  bottom. 
This  process  goes  on  till  all  the  water  in 
the  lower  part  of  the  vessel  has  attained  the 
temperature  of  4°.  But  when  all  the  water 
from  the  centre  to  the  bottom  has  attained 
this  temperature,  any  further  cooling  of  the 
water  in  the  centre  fails  to  produce  motion, 
until  needles  of  ice  are  formed  These  being 
specifically  lighter  than  water,  rise  to  the  sur- 
face, and  thus  produce  a  circulation  which 
causes  the  water  near  the  surface  to  freeze, 
while  that  near  the  bottom  remains  at  the 
temperature  of  4°. 

This  experiment  represents  on  a  small  scale  what  actually  takes 
place  during  winter  in  pools  of  fresh  water.  The  fall  of  temperature 
at  the  surface  does  not  extend  to  the  bottom  of  the  pool,  where  the 
water,  whatever  be  the  external  temperature,  seldom  falls  below  4°. 
This  is  a  fiict  of  great  interest,  as  exemplifyiog  the  close  connection 
of  natural  phenomena,  and  the  manner  in  which  they  contribute  to 
a  common  end.  It  is  in  virtue  of  this  anomaly  exhibited  by  water 
in  its  expansion,  taken  in  conjunction  with  the  specific  lightness  of 
ice  and  the  low  conducting  power  of  water,  that  the  temperature  at 
the  bottom  of  deep  pools  remains  moderate  even  during  the  severest 
cold,  and  that  the  lives  of  aquatic  animals  are  preserved 

210.  Saline  Solutions. — In  the  case  of  saline  solutions  of  different 
densities,  the  temperature  of  maximum  density  falls  along  with  the 
freezitig-point,  and  in  fact  falls  more  rapidly  than  this  latter,  so  that 
for  solutions  containing  a  certain  proportion  of  salt  the  temperature 
of  maximum  density  is  below  the  freezing-point.  In  order  to  show 
this  experimentally,  the  solution  must  be  placed  in  such  circumstances 
as  to  remain  liquid  at  a  temperature  below  its  freezing-point.  This 
is  a  curious  example  of  the  continuity  of  physical  laws,  and  of  the 
restriction  which  must  be  applied  in  physics  to  the  generally  correct 
and  logical  principle  of  final  causes.  For  salt  water  has  a  point  of 
maximum  density,  although  before  that  point  is  reached  congelation 
takes  place.  In  this  instance  the  maximum  density  plays  no  part  in 
the  designs  of  nature,  and  leads  to  no  practical  benefit,  being  simply 
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a  proof  of  the  permanence  of  a  physical  law,  even  when  the  circum- 
stances on  which  its  utility  depended  have  disappeared. 

211.  Law  of  the  Expansion  of  Liquids. — As  we  have  shown  above 
(§  208),  the  expansion  of  liquids  does  not  advance  uniformly  with  the 
temperature;  whence  it  follows  that  the  mean  coefficient  of  expansion 
will  vary  according  to  the  limiting  temperatures  between  which  it  is 
taken. 

From  a  general  review  of  the  researches  which  have  been  made  on 
this  subject,  it  appears  that  for  a  great  number  of  liquids  the  mean 
coefficient  of  expansion  increases  uniformly  with  the  temperature. 
If,  therefore,  A  be  the  expansion  from  0  to  ^,  we  have 

t 

a  and  b  being  two  constants  specifying  the  expansibility  of  the  given 
liquid. 

For  some  very  expansible  liquids  two  constants  are  not  sufficient, 
and  the  expansion  is  represented  by  the  formula 

We  subjoin  a  few  instances  of  this  class  taken  from  the  work  of 
M.  Pierre: — 

Alcohol A=0-0010486  <+ 0-0000017610  «• +0-00000000184518  i* 

Ether A=00015132  <  + 0*0000023592  «•  + 0*000000040051  «» 

Bisulphide  of  carhoii....A=0*0011898  t+ 0*0000018707  (*  + 0*00000019123  t* 
Bromine A=0*0010382  <  + 0*0000017114  «■  + 0*0000000054471  <• 

An  examination  of  the  formulae  for  the  different  liquids  which 
have  been  tested,  shows  that  none  of  them  have  a  point  of  maximum 
density ;  this  property  remains  peculiar  to  water. 

212.  Absolute  Expansion  of  Mercury. — The  great  importance  of 
mercury  in  physical  experiments,  especially  in  connection  with  the 
barometer  and  thermometer,  render  it  necessary  to  determine  very 
accurately  the  coefficient  of  expansion  of  this  liquid.  This  determinar- 
tion  has  been  effected  by  Dulong  and  Petit  by  a  very  ingenious 
method,  in  which  the  observation  of  the  heigh tg  of  liquid  columns  is 
substituted  for  the  measurement  of  volumes,  which  is  always  open 
to  some  uncertainty. 

A  and  B  are  two  tubes  containing  mercury,  and  communicating 
with  each  other  by  a  very  narrow  tube  CD.  If  the  temperature  of 
the  liquid  be  uniform,  the  mercury  should  stand  at  the  same  height. 
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in  both  branches,  according  to  the  fundamental  law  of  liquids  in 
communicating  vessels.  But  if  the  tube  AC,  for  instance,  be  kept  at 
0°  Cent,  and  the  temperature  of  £D  be 
raised,  the  density  of  the  heated  liquid  will 
become  less,  and  a  greater  height  will  conse- 
quently be  required  to  equilibrate  the  pres- 
sure of  the  other  column. 

Suppose  the  horizontal  tube  divided  by  a 
vertical  section,  and  let  h  and  h'  denote  the 
respective  heights  of  the  liquid  in  the  cold 
and  in  the  heated  branches  above  the  centre 
of  gravity  of  this  section.  As  the  pressures 
on  both  sides  must  be  equal,  we  must  have 
the  equation  kd^h!d\  where  d  and  d'  are 

.,       J         ...  ^    .,  .  ,      .       Fig.  212.— Prindpltf  of  Dulong'* 

the  densities  of  the  mercury  at  zero  and  at  Method, 

the  other  given  temperature. 

But  from  what  has  been  said  above  (§  199),  we  have  cZ'=j^3— 
where  la  is  the  expansion  of  the  liquid  from  0""  to  f\  and  consequentl3% 

^=f:L«.>  whence 
i +111 

h'-h 

h 

We  thus  see  that  it  is  sufficient  to  measure  exactly  the  heights  hf  and 
h  in  order  to  find  ra. 

We  should  remark,  that  the  centre  of  gravity  of  the  liquid  section 
which  we  have  been  considering,  is  the  only  point  of  it  which  is  in 
equilibrium ;  the  upper  part  is  subject  to  a  greater  pressure  on  the 
side  of  the  heated  liquid,  and  the  lower  part  on  the  side  of  the  cold ; 
there  is  thus  a  tendency  to  the  production  of  two  opposite  currents, 
which,  however,  is  almost  completely  destroyed  by  the  smallness  of 
the  bore  of  the  connecting  tube.  Even  supposing  these  currents 
actually  to  exist,  the  inverse  effects  produced  by  them  would  sensibly 
compensate  each  other,  compared  with  the  heights  of  the  liquid  in 
the  two  branchea 

The  following  is  the  method  by  which  Dulong  and  Petit  have 
carried  out  the  above  principle. 

The  connecting  tube,  between  the  two  branches  A  and  B  of  the 
apparatus  (Fig.  213),  rests  upon  a  T-shaped  iron  support,  carrying 
two  spirit-levels  at  right  angles  to  each  other  for  insuring  horizon- 
taUty.     One  of  the  branches  B  is  inclosed  in  a  cylinder  containing 
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melting  ice;  the  other  A  is  surrounded  by  a  copper  cylinder  filled 
with  oil,  and  heated  by  a  furnace  connected  with  the  apparatus.  In 
making  an  observation  the  first  step  is  to  arpinge  the  apparatus  so 


71s.  lis.— Appumtu  ol  Dqlcmg  ud  Pslit. 

that,  when  the  oil  is  heated  to  the  temperature  required,  the  mercury 
in  the  tube  A  may  just  be  seen  above  the  top  of  the  cylinder,  so  as 
to  be  sighted  with  the  telescope  of  a  cathetometer;  this  may  be 
effected  by  adding  or  taking  away  a  small  quantity  of  oil  The 
extremity  of  the  column  B  is  next  sighted,  which  gives  the  difference 
of  the  heights  h'  and  k.  It  is  further  necessary  to  determine  the 
absolute  height  k. 

For  this  purpose  the  height  of  a  reference  mark  i  above  the  surface 
of  the  T-shaped  support  has  been  directly  measured.  From  this 
height  half  the  external  diameter  of  the  horizontal  tube  is  to  be  sub- 
tracted, and  it  only  remains  to  observe  the  distance  of  the  end  of  the 
column  B  from  the  mark  at  the  time  of  the  experiment 

The  temperature  of  the  oil  is  given  by  the  weight-thermometer  t, 
and  by  the  air-thermometer  r,  which  latter  we  shall  explain  here- 
after. 

By  means  of  this  method  Dulong  and  Petit  ascertained  that  the 
expansion  of  mercury  is  sensibly  uniform,  as  compared  with  the 
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• 

indications  of  an  air-thermometer,  between  0°  and  100°  C.  Above 
this  point  it  goes  on  increasing  like  other  liquids,  but  not  in  any 
marked  degrea     Thus,  the  mean  coeflScient  between  0°  and  100°  is 

j^.    Between  0°  and  200°  it  becomes  ^^,  and  ^^  between  0°  and 

300°. 

Regnault,  without  altering  the  principle  of  the  experiments  of 
Dalong  and  Petit,  introduced  several  improvements  into  their  appar- 
atus, and  added  greatly  to  the  length  of  the  tubes  A  and  B,  thereby 
rendering  the  apparatus  more  sensitive.  The  results  obtained  by 
him  do  not  differ  very  materially  from  those  of  Dulong  and  Petit; 
thus,  for  instance,  he  makes  the  coeflBicient  between  0°  and  100°  equal 

His  experiments  show  that  the  mean  coefficient  between  0°  and 
50°  is  ggjy,  a  number  almost  identical  with  g^^. 

213.  Expansion  of  Iron  and  Platinum. — The  coefficient  of  absolute 
expansion  of  mercury  being  known,  that  of  glass  is  deduced  from  it 
in  the  manner  already 
indicated  (§  207).     Du- 
long   and    Petit    have 
deduced  from  it  also  the 

coefficients  of  expansion  Fig.  214.— Bxpanalon  of  iron  and  Platinum. 

of  iron   and  platinum, 

neither  of  which  metals  are  attacked  by  mercury.  The  method  em- 
ployed is  the  following. 

The  metal  in  question  was  introduced,  in  the  shape  of  a  cylindrical 
bar,  into  the  reservoir  of  a  weight-thermometer.  Let  W  be  the 
weight  of  the  metal  introduced,  and  D  its  density  at  zero.  The 
process  is  the  same  as  in  using  the  weight-thermometer;  that  is,  after 
having  filled  the  reservoir  with  mercury  at  0°  C,  we  observe  the 
weight  w  of  the  metal  which  issues  at  a  given  temperature  t     The 

volume  at  0°  C.  of  the  mercury  which  has  issued,  is  ^,  d  being  the 

density  of  mercury  at  zero;  the  volume  at  f  is  therefore  ^  (1  +mQ, 

m  being  the  coefficient  of  expansion  of  mercury.  This  volume  evi- 
dently represents  the  expansion  of  the  metal,  pltus  that  of  the 
mercury,  miniLa  that  of  the  glass.  If  then  M  denote  the  weight  of 
mercury  that  fiUs  the  apparatus  at  0°  C,  and  if  K  be  the  coefficient 
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of  cubical  expansion  of  glass,  and  x  the  expansion  of  unit  volume  of 
the  given  metal,  we  have  the  equation 

whence  we  can  find  x. 

214.  Convection  of  Heat  in  Liquids. — When  different  parts  of  a 
liquid  are  heated  to  different  temperatures,  corresponding  differences 
of  density  arise,  leading  usually  to  the  formation  of  currents  which 
tend  to  produce  equality  of  temperature  as  far  as  their  presence 
extends.  To  this  phenomenon,  which  is  altogether  distinct  from  con- 
duction, the  name  of  convection  is  given. 

Thus,  for  instance,  if  we  apply  heat  to  the  bottom  of  a  vessel  con- 
taining water,  the  parts  immediately  subjected  to  the  action  of  the 
heat  expand  and  rise  to  the*  surface;  they  are  replaced  by  colder 
layers,  which  in  their  turn  are  heated  and  ascend;  and  thus  the  pro- 
cess continues  indefinitely.  The  two  currents  can  be  very  well 
shown  by  throwing  some  oak  saw-dust  into  the  water.  By  the 
movements  of  this  substance,  which  has  nearly  the  same  density  as 
water,  it  will  be  seen  that  the  ascending  current  occupies  the  centre 
of  the  vessel,  while  the  descending  current  passes  along  the  sidea 

S15.  Heating  of  Buildings  by  Hot  Water. — This  is  a  simple  applica- 
tion of  the  principle  just  stated.  One  of  the  most  common  arrange- 
ments for  this  purpose  is  shown  in  Fig.  215;  it  is  called  the  low- 
pressure  system,  because  the  temperature  never  exceeds  100**  C.  The 
boiler  C  is  heated  by  a  fire  below  it,  and  the  products  of  combustion 
escape  through  the  chimney  AB.  At  the  top  of  the  house  is  a  reser- 
voir D,  communicating  with  the  boiler  by  a  tube.  From  this 
reservoir  the  liquid  flows  into  another  reservoir  E  in  the  story  im- 
mediately below,  thence  into  another  reservoir  F,  and  so  on.  Finally, 
the  last  of  these  reservoirs  communicates  with  the  bottom  of  the 
boiler.  The  boiler,  tubes,  and  reservoirs  are  all  completely  filled  with 
water,  with  the  exception  of  a  small  space  left  above  in  order  to 
give  room  for  the  expansion  of  the  liquid.  An  ascending  current 
flows  through  the  left-hand  tube,  and  the  circulation  continues  with 
remarkable  regularity,  so  long  as  the  temperature  of  the  water  in  the 
boiler  remains  constant 

216.  Currents  in  the  Sea. — In  the  production  of  these  currents 
convection  plays  an  important,  though  perhaps  not  the  principal  part 
In  fact,  the  sea  is  an  enormous  mass  of  liquid  whose  temperature 
varies  from  point  to  point.     Equilibrium  is  consequently  impossible. 
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and  the  difFerent  parte  must  therefore  be  in  a.  state  of  continual 
motioa  with  regard  to  each  other.  The  waters  of  the  tropical  seas 
should,  by  reason  of 
their  excess  of  tempera- 
ture, have  a  higher  level 
tban  those  of  the  polar 
seagj  and  the  result  is, 
a  continual  kind  of 
overflowing  of  the  wa- 
ters about  the  equator, 
and  consequently  avast 
current  setting  towards 
the  poles.  But  to  this 
current  evidently  cor- 
responds a  lower  current 
of  cold  water  flowing 
towards  the  equator, 
there  to  become  heated, 
to  overflow  again,  and 
so  oa  One  of  the  most 
remarkable  of  oceanic 
currents  is  that  which 
is  known  as  the  QvXf 
Stream.  This  current 
of  warm  water  forms  a 
kind  of  immense  river 
in  the  midst  of  the  sea, 

differing    in   the    tem-  Fig.  m.-H-tii«  bj  Hot  w.i«, 

perature,  saltness.  and  colour  of  ite  waters  from  the  medium  in  which 
it  flows.  Its  origin  is  in  the  Qulf  of  Mexico,  whence  it  issues  through 
the  straits  between  the  Bahamas  and  Florida,  turns  to  the  north- 
west, and  splits  into  two  branches,  one  of  which  goes  to  warm  the 
coasts  of  Ireland  and  Norway,  the  other  gradually  turns  southwards, 
travei-sea  the  Atlantic  from  north  to  south,  and  finally  loses  itself  in 
the  regions  of  the  equator. 

"The  Qulf  Stream  is  a  river  in  the  ocean;  in  the  severest  droughts 
it  never  fails,  and  in  the  mightiest  floods  it  never  overflows;  ite 
banks  and  its  bottom  are  of  cold  water,  while  its  current  is  of  warm; 
it  takes  ite  rise  in  the  Gulf  of  Mexico,  and  empties  into  Arctic  seas. 
There  is  on  earth  no  other  such  majestic  flow  of  waters.     Ite  current 
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is  more  rapid  than  the  Mississippi  or  the  Amazon,  and  its  yolume 
more  than  a  thousand  times  greater.  Its  waters,  as  £ar  out  from  the 
Qulf  as  the  Carolina  coasts,  are  of  indigo  blue.  They  are  so  distinctly 
marked  that  their  line  of  junction  with  the  common  sea-water  may 
be  traced  by  the  eye.  Often  one-half  of  the  vessel  may  be  perceived 
floating  in  Qulf  Stream  water,  while  the  other  half  is  in  common 
water  of  the  sea,  so  sharp  is  the  line." — (Maury,  Physical  Geography 
of  the  Sea.) 

Another  cause  of  oceanic  currents  is  to  be  found  in  the  winds, 
which  again  are  themselves  examples  of  convective  currents  in  the 
atmosphere.  In  the  case  of  the  Qulf  Stream,  it  would  appear  that 
an  accumulation  of  water  is  produced  in  the  Qulf  of  Mexico  by  the 
trade- wind  which  blows  steadily  towards  it  over  the  South  Atlantic 
The  elevation  of  level  occasioned  by  this  accumulation  is  probably  to 
be  regarded  as  the  principal  cause  of  the  Gulf  Stream.  We  shall 
discuss  the  origin  of  winds  in  a  later  chapter  (Chap,  xxxiv.) 


CHAPTER    XXIIL 


EXPANSION  OF  GASE& 


217.  Experiments  of  Gay-Lassac. — Gay-Lussac  conducted  a  series  of 
researches  on  the  expansion  of  gases,  the  results  of  which  were  long 
regarded  as  classical  He  employed  a  thermometer  with  a  large 
reservoir  A,  containing  the. gas  to  be  operated  on ;  an  index  of  mer- 
cury mn  separated  the  gas  from  the  external  ah*,  while  leaving  it 
full  liberty  to  expand     The  gas  had  previously  been  dried  by  pass- 


Fig.  210. — Gaj-Loaaao's  Apparatus. 


ing  it  through  a  tube  containing  chloride  of  calcium,  or  some  other 
desiccating  substance.  The  thermometer  was  fixed  in  a  vessel  which 
was  first  filled  with  melting  ice,  and  when  the  gas  had  thus  been 
brought  to  0®  C,  the  tube  was  so  adjusted  that  the  index  coincided 
with  the  opening  through  which  the  thermometer  passed. 

The  tabe  being  divided  into  parts  of  equal  capacity,  and  the  re- 
servoir having  been  previously  gauged,  the  volume  V  is  known  which 
is  occupied  by  the  gas  at  an  external  pressure  H  indicated  by  a  baro< 
meter ;  the  apparatus  is  then  raised  to  a  given  temperature  T  by 
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means  of  the  furnace  below  the  vessel^  and  the  stem  of  the  thermo- 
meter is  moved  until  the  index  reaches  the  edge  of  the  opening;  at 
this  new  temperature  the  gas  occupies  a  volume  Y'  expressed  in 
divisions  of  the  tube:  at  the  same  time  the  pressure  may  have  varied; 
suppose  it  to  have  become  H'.  From  these  data  it  is  easy  to  deduce 
the  expansion  of  unit  volume  of  the  gas  from  0""  to  T  at  constant 
pressure.  If  D  denote  this  expansion,  the  volume  of  the  gas  at  T  at 
the  original  pressure  would  be  Y  (1+D).  But  the  gas  occupies  a 
volume  V  at  the  temperature  T  and  pressure  H^     At  the  pressure 

H  the  volume  would  therefore  be  V  g^.     But  the  divisions  of  the 

thermometer  have  expanded  in  the  ratio  1+KT,  K  being  the  co- 
efficient of  expansion  of  glass:  the  true  expression  therefore  for  the 

new  volume  of  the  gas  at  the  pressure  H  is   -r— h >  whence  we 

have  the  equation 

H' 

va+D)  =  v'(i+Kr)H' 

from  which  we  can  find  the  value  of  D,  and  consequently  that  of  the 
mean  coefficient  of  expansion  ^.     By  means  of  this  method  Gay- 

Lussac  arrived  at  the  following  results: — 

1st. — ^All  gases  expand  by  the  same  amount  between  the  same 
limits  of  temperature. 

2d. — The  coefficient  of  expansion  is  independent  of  the  pressure. 
He  also  found  that  the  coefficient  of  expansion  of  air  between  0""  and 
100°  was  -00375. 

These  laws,  which,  together  with  Boyle's  law,  were  long  regarded 
as  defining  the  fundamental  properties  of  the  gaseous  state,  are  not 
rigorously  exact,  but  are  subject  to  restrictions  simQar  to  those 
which  apply  to  Boyle's  law.  The  absolute  value  of  the  co-efficient 
of  expansion  of  air  as  laid  down  by  Qay-Lussac  is  very  sensibly 
erroneous.  The  true  value  has  been  determined,  by  subsequent  ex- 
periments conducted  with  greater  precision,  to  be  003665,  or  273- 

218.  Begnaolt's  Experiments. — The  apparatus  employed  by  Gay- 
Lussac  had  one  serious  imperfection.  The  mercurial  index  did  not 
constitute  a  sufficient  barrier  between  the  gas  under  investigation  and 
the  external  air ;  so  that  a  portion  of  the  gas  was  able  to  escape,  while 
at  the  same  time  some  of  the  external  air  became  mixed  with  the  gas; 
either  of  which  circumstances  would  impair  the  accuracy  of  the  ex- 
periment.    It  also  appears  that  the  means  employed  by  Gay-Lussac 
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for  desiccatiDg  the  gas  were  insufficienL  However  this  may  be,  the 
subject  of  the  expansion  of  gases  has  been  taken  up  by  several  phy- ' 
sicists,  as  Pouillet,  Rudbei^,  Magnus,  and  Begnault,  who  have  per- 
fonned  a  number  of  experiments  on  this  subject,  of  undoubted  ac- 
curacy, the  result  of  which  has  been  slightly  to  modify  the  conclusions 
arrived  at  by  Gay-Lussac. 

We  shall  confine  ourselves  to  describing  one  of  the  methods  em- 
ployed by  Regnault. 

The  apparatus  consists  of  a  glass  ball  with  a  narrow  neck,  contain- 
ing the  gas.     This  is  placed  in  a  boiler  (Fig.  217),  containing  water, 


which  can  afterwards  be  raised  to  ebullition.  A  T-shaped  tube, 
with  three  branches,  establislles  communication  between  the  neck  of 
the  globe  and  a  system,  consisting  of  two  tubes,  containing  mer- 
cury, and  forming  in  fact  a  mercurial  manometer,  and  also  between 
the  globe  and  a  series  of  desiccating  tubes,  not  shown  in  the  figure. 
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which  are  themselves  in  communication  with  a  small  air-pump.     On 
*  the  first  branch  of  the  manometer,  near  the  capillary  portion  of  the 
tube,  is  a  reference  mark. 

The  following  is  the  mode  of  determining  by  means  of  this  ap- 
paratus the  coefficient  of  expansion  between  0°  and  lOO""  C.  The 
first  step  is  to  exhaust  the  globe  a  certain  number  of  times,  each  time 
refilling  it  with  air,  or  with  the  gas  under  investigation,  which  has 
been  dried  by  passing  it  through  the  desiccating  tubes.  The  drying 
may  be  rendered  more  complete  and  rapid  by  raising  the  temperature 
of  the  globe.  This  series  of  operations  is,  as  Begnault  has  shown, 
absolutely  necessaiy  in  order  to  remove  from  the  surface  of  the  glass 
the  bst  traces  of  moisture,  which  are  exceedingly  tenadoua 

The  gas  having  been  admitted  for  the  last  time,  the  globe  is  sur- 
rounded with  melting  ice,  and  is  left  to  itself  The  gas  contracts,  and 
a  firesh  portion  enters  the  globe,  having  first  been  perfectly  dried  by 
passing  through  the  desiccating  tubea  The  apparatus  is  thus  filled 
with  gas,  and  communication  is  established  for  a  few  seconds  with  the 
external  air,  so  that  the  gas  is  at  atmospheric  pressure.  Mercury  is 
then  poured  into  the  manometer  so  as  to  bring  the  level  of  the  fluid, 
which  is  the  same  in  both  branches,  up  to  the  reference  mark.  The 
branch  of  the  T  which  established  communication  between  the  globe 
and  the  desiccating  tubes  is  then  hermetically  sealed  by  directing 
the  flame  of  a  blowpipe  upon  ii 

The  effect  of  this  operation  has  thus  been  to  isolate  a  quantity  of 
gas  at  the  atmospheric  pressure  H.     This  quantity  consists  of — 

(1.)  A  volume  V  at  the  temperature  of  0**  C,  V  being  the  known 
volume  of  the  globe, 

(2.)  A  volume  v,  which  is  very  small,  extending  ftom  the  neck  of 
the  globe  to  the  mark  on  the  manometric  tube.  This  volume  v  is  at 
the  surrounding  temperature  t;  if  brought  to  zero,  it  would  become 

Y^y  «  being  the  coefficient  of  expansion  of  the  gas.     In  the  first 

part  of  the  experiment,  therefore,  we  have  a  quantity  of  gas  which, 
when  reduced  to  the  temperature  of  zero  and  pressure  H,  would  have 
the  volume 

The  ice  surrounding  the  globe  is  now  removed,  the  boiler  is  filled 
with  water,  which  is  heated  to  ebullition;  the  volume  and  pressure 
of  the  gas  increase,  the  mercury  consequently  falls  in  the  first  branch 
of  the  manometer,  and  rises  in  the  other.     When  equilibrium  of  tern- 
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perature  has  been  established^  mercury  is  poured  into  the  open 
branch,  so  as  to  raise  that  in  the  other  branch  to  the  mark.  There 
is  then  found  to  be  a  difference  of  level  h:  the  external  pressure  may 
have  changed  at  the  same  time,  and  become  H';  the  gas  is  conse- 
quently subjected  to  a  pressure  H'  +  h.  Its  volume  consists  of  two 
parts: — 

(1.)  The  volume  V  (1+KT)  of  the  globe,  K  denoting  the  coeflBicient 
of  expansion  of  the  glass,  and  T  the  temperature  of  the  boiling  water 
at  the  moment  of  the  experiment ;  this  volume  when  reduced  to  zero 
becomes 

V(1+KT) 
1+oT    • 

(2.)  The  volume  v  of  the  tube  as  far  as  the  mark,  which  volume  at 

zero  becomes  f:^>  where  if  is  the  surrounding  temperature.     Thus, 

in  the  second  part  of  the  experiment,  the  given  quantity  of  gas  under 
the  pressure  H'+'i,  would,  at  the  temperature  of  zero,  occupy  the 
volume 

V(1  +  KT)  V 

1+oT      ■*"  TT^' 

We  have  thus,  by  expressing  that  the  volumes  are  inversely  as 
the  pressures, 

whence 

l  +  aT Vn_t^r) 

To  solve  this  equation  we  have  recourse  to  a  method  frequently 
employed  in  physics,  which  is  called  the  method  of  succeasive  wp- 
jyroximationa ;  v  being  a  very  small  quantity,  is  at  first  supposed  to 
be  zero ;  on  this  supposition  the  value  of  a  is  easily  obtained.     This 

value  is  then  substituted  in  the  correcting  terms  jqp^*  1+^'  whence 

the  real  value  of  aT  is  deduced.  Now  T  is  the  temperature  at  which 
the  water  boils,  and  is  always  known,  as  we  shall  see  hereafter,  if 
the  external  pressure  is  known. 

in  the  experiment  just  described,  the  volume  of  the  gas  remains 
sensibly  the  same,  and  the  effect  of  heat  is  shown  by  an  increase  of 
pressure.  We  might  have  proceeded  differently,  and  caused  the  gas 
to  expand  under  a  constant  pressure 

We  shall  not  stop  to  describe  the  modified  form  of  the  apparatus 
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which  is  adapted  to  this  other  mode  of  experiment;  we  shall  only 
remark  that  the  results  obtained  by  the  two  processes  do  not  exactly 
agree,  as  will  be  seen  from  the  following  table: — 

COEFFICISHTS  OF  EXPANSION  PER  DfiORKB  CeNTIGBADB. 

From  experiments  at  From  ezperimenU  a* 

oonctant  Tolume.  oonstaat  preMora. 

Air 0008666  0*003670 

Nitrogen 0*003668 

Hydrogen 0*003667 0*008661 

Carbonic  oxide 0003667  0003669 

Carbonic  acid 0-008688  0*008710 

Nitrous  oxide 0*008676  0*003720 

Cyanogen 0*008829  0*003877 

SulphurouB  acid 0008845  0*003903 

This  table  shows  that  each  gas  has  its  own  coefficient  of  expansion, 
as  we  have  already  seen  that  each  has  its  own  coefficient  of  com- 
pressibility. Non-liquefiable  gases,  however,  have  nearly  the  same 
coefficient  of  expansion,  a  result  which  accounts  for  the  conclusion 
arrived  at  by  Gay-Lussac 

As  regards  the  differences  between  the  two  sets  of  numbers,  it  is  to 
be  noted  that  the  second  set  alone  represent  expansion  as  direcUy 
observed.  The  first  set  directly  measure  the  increase  of  pressure 
which  occurs  when  expansion  is  prevented.  If  Boyle's  law  were  rigor- 
ously true,  the  two  sets  of  results  ought  to  be  identical  In  point  of 
fact,  it  will  be  remarked  that,  except  in  the  case  of  hydrogen,  the 
numbers  in  the  second  column  are  larger  than  those  in  the  first, 
indicating  that  the  product  of  volume  and  pressure  diminishes 
slightly  as  the  pressure  increasea 

We  may  add  that  the  coefficient  of  expansion  increases  very  sensi- 
bly with  the  pressure;  thus,  between  the  pressures  of  one  and  of 
three  atmospheres  the  coefficient  of  expansion  of  air  varies  from 
000367  to  000369.  This  increase  is  still  more  marked  in  the  case  of 
liquefiable  gasea 

The  coefficient  of  expansion  per  degree  Fahrenheit  is  {-  of  the 
coefficient  per  degree  Centigrada  For  air  or  any  non-liquefiable  gas 
this  may  be  taken  as  002036  or  ^-J-y. 

219.  Air-thermometer. — We  have  already  stated,  in  connection 
with  the  mercurial  thermometer,  that  the  name  degree  (Centigrade) 
is  given  to  the  hundredth  part  of  the  apparent  expansion  of  the 
mercury  in  the  glass.  As  the  different  kinds  of  glass  employed  in 
the  construction  of  these  instruments  have  not  the  same  law  of 
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expansion,  it  follows,  as  we  have  remarked,  that  mercurial  thermo- 
meters are  not  rigorously  comparable  with  each  other,  particularly 
above  100°. 

The  expansion  of  air  being  much  more  considerable  than  that  of 
mercury,  the  variations  caused  by  differences  in  the  glass  will  be 
relatively  less;  for  this  reason  (as  well  as  for  others  which  will  be 
stated  hereafter)  the  air-thermometer  is  employed  to  measure  tem- 
perature in  experiments  of  precision. 

Any  apparatus  that  will  measure  the  expansion  of  air  may  serve 
as  an  air-thermometer;  we  have  only  to  consider  T  as  the  unknown 
quantity  in  the  expression  1+aT,  writing  for  a  the  value  of  the 
coefficient  of  expansion  given  in  last  section. 

M.  Pouillet  proposed  to  employ  air  in  p3n:ometric  investigations, 
and  constructed  an  instrument  to  which  he  gave  the  name  of  air- 
pyrometer,  and  with  which  he  performed  some  interesting  experi- 
menta  Pouillet's  pyrometer  was  very  similar  to  Regnault's  apparatus 
described  above  (§  218);  but  the  reservoir  and  part  of  the  tube  were 
of  platinum,  so  as  to  be  able  to  resist  high  temperatures.  The  indica- 
tions of  this  instrument,  however,  could  not  be  entirely  relied  on, 
since  platinum  has  the  property  of  condensing  air  upon  its  surface, 
and  partially  giving  it  out  at  high  temperatures.  At  such  tempera- 
tures, also,  platinum  becomes  quite  permeable  to  some  of  the  gases 
of  the  furnace.  For  pyrometric  purposes  it  is  better  to  inclose  the 
air  in  a  porcelain  vessel,  as  has  been  done  by  Deville  and  Troost^ 

219a.  Absolute  Temperature.  Absolute  Zero. — If  the  air-thermo- 
meter be  made  the  standard  of  temperature,  equal  differences  of  tem- 
perature will  correspond  to  equal  differences  in  the  volume  occupied 
by  a  given  mass  of  air  at  constant  pressure,  the  difference  amounting 
^  rfy  ^f  ^^®  volume  at  0°  C.  for  each  degree  Centigrade,  or  to  -^^j 
of  the  volume  at  32**  F.  for  each  degi-ee  Fahrenheit. 

*  The  foUowing  aooount  of  a  pyrometer  conBtmcted  by  Regnault,  on  the  principle  of  the 
air-thermometer,  is  given  in  Dr.  B.  Stewart's  treatise  on  heat.  **  There  is  a  kind  of  flask, 
either  cylindrical  or  spherical,  which  may  be  either  of  cast  or  wrought  iron,  of  platinum  or 
ci  porcelain:  the  mouth  is  closed  by  a  plate  containing  a  small  aperture.  From  15  to  20 
giammee  of  mercury  are  added  to  this  flask,  which  is  then  placed  in  that  part  of  the  furnace 
the  temperature  of  which  we  desire  to  know.  The  mercury  soon  boils,  its  vapour  expels 
the  air  by  the  orifice,  and  the  excess  of  mercurial  vapour  goes  off  by  the  same  means. 
When  the  apparatus  has  acquired  the  temperature  of  the  furnace  the  flask  is  withdrawn 
and  made  to  cool  rapidly,  and  the  mercury  which  remains  in  the  flask  is  weighed.  It  may 
be  weighed  directly,  or  if  it  contains  impurity,  it  is  dissolved  in  acid,  and  estimated  as  a 
precipitate.  This  weight  is  that  of  the  vapour  of  mercury  which  filled  the  flask  at  the 
temperature  of  the  furnace,  and  the  volume  of  the  flask,  as  well  as  the  density  of  mercurial 
vapour  being  known,  this  temperature  may  thus  be  determined.'* 
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The  lowest  temperature  that  could  thus  be  expressed  is  evidently 
—273*  C.  or  —459*  F.,  since  at  this  temperature  the  given  mass  of  air 
would  be  reduced  to  a  mathematical  point.  This  is  often  called  the 
absolute  zero  of  temperature,  and  temperatures  reckoned  from  it  are 
called  ahaolvie  temperaturea. 

If  C  and  F  denote  temperatures  Cent  and  Fahr.  respectively, 
273  +  0  and  459 +F  will  be  the  corresponding  expressions  for  absolute 
temperature. 

The  statement  of  the  relations  between  the  volume^  pressure  and 
temperature  of  a  given  mass  of  air  or  other  gas  can  be  somewhat 
simplified  by  the  employment  of  this  term.  These  relations  (assum- 
ing the  correctness  of  Boyle's  and  Qay-Lussac's  laws)  are  as  follows: — 

1.  The  volume  varies  directly  as  the  absolute  temperature,  when 
the  pressure  is  constant. 

2.  The  pressure  varies  directly  as  the  absolute  temperature,  when 

the  volume  is  constant. 

vp 

3.  For  all  variations,  the  expression  -^  remains  constant  in  value, 

V  denoting  volume,  P  pressure,  and  T  absolute  temperature. 

The  subject  of  this  section  will  be  further  discussed  in  Chapi 
xxxiL 

220.  Density  of  Gases. — The  volume  of  gases,  owing  to  their  great 
expansibility  and  compressibility,  is  subject  to  enormous  variationa 
Hence,  in  stating  the  dbaolvie  density  of  a  gas,  it  is  very  important 
to  specify  the  temperature  and  pressure  at  which  we  suppose  it  to  be 
taken 

In  stating  the  specific  gravity  or  relative  density  of  a  gas  as  com- 
pared with  dry  atmospheric  air,  which  is  always  adopted  as  the  stan- 
dard substance,  it  is  to  be  understood  that  the  gas  is  at  the  same 
temperature  and  pressure  as  the  air  with  which  it  is  compared;  and, 
in  consequence  of  the  inexactness  of  the  laws  of  Boyle  and  Gay- 
Lussac,  it  is  further  necessary,  for  purposes  of  accuracy,  to  specify 
the  temperature  and  pressure  at  which  the  comparison  is  made. 
These  are  usually  the  temperature  0°  C,  and  the  pressure  of  760  milli- 
metres. The  specific  gravity  or  relative  density  of  a  gas  is  therefore 
defined  as  the  ratio  of  the  weight  of  any  volume  of  the  gas  at  ike 
temperature  0°  C,  and  the  pressure  of  760  millimetres,  to  the  weight 
of  the  same  volume  of  dry  air  at  the  same  temperature  and  pressure. 

This  ratio  being  known,  we  can  deduce  from  it  the  weight  of  any 
volume  of  the  gas  in  question,  by  employing  as  a  factor  the  weight 
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of  unit  volume  of  air  (§  100).  Thu3,  for  instance,  the  ratio  of  the 
density  of  oxygen  to  that  of  air  being  r]056,  and  the  weight  of  a 
litre  of  air  at  0°  C.  and  760  millimetres  being  1-293  gramme,  we 
conclude  that  the  weight  of  a  litre  of  oxygen  at  this  temperature  and 
preaaureis  1-293 xl-1056=l-429  gramme. 

231.  Heaaurement  of  the  Density  of  a  Gas. — The  densities  of  ga^es 
have  been  the  subject  of  numerous  investigations;  we  shall  here 
meution  only  the  ingenious  and  exact  method  employed  by  Beguault. 
The  gas  is  inclosed  in  a  globe,  of  about  12  litres'  capacity,  and  fiuv 
nisbed  with  a  stop-cock.  This  communicates  with  a  three-way  tube, 
furnished  with  stop-cocks  a  and  h  (Fig.  218),  and  through  it  with  an 
air-pump  on  one  side,  and  a  manometer  on  the  other.  1^6  globe  ia 
exhausted  several  times,  and  each  time  the  gas  is  dried  on  its  way  to 
the  globe  by  passing  through  a  number  of  tubes  containing  pieces  of 
pumice-stone  moistened  with  sulphuric  acid.  When  all  moisture  is 
supposed  to  be  removed,  the  globe  is  surrounded  with  melting  ice, 


and  is  allowed  to  fill  with  gas  at  the  pressure  of  the  atmosphere. 
When  equilibrium  of  temperature  has  been  established,  the  globe  is 
taken  out,  carefully  dried,  and  suspended  from  one  of  the  scales  of  a 
balance.  From  the  other  scale  is  suspended  a  globe  of  the  aame 
glass,  and  of  the  same  external  volume  (Fig.  219).  The  equality  of 
the  volumes  is  tested  by  weighing  each  in  water,  and  noting  the 
upward  pressure  of  the  liquid  in  each  case.  Weights  are  now  added 
ontil  equilibrium  is  established;  and  it  can  be  proved  that  this  equili- 
brium will  be  rigorously  maintained,  whatever  be  the  variations  of 
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external  pressure  and  temperature,  because  these  variations  will 
produce  the  same  effect  upon  both  globes.  It  is  this  introduction  of 
a  compenaating  globe  which  gives  Regnault's  method  its  great  pre- 
cision ;^  for  since  all  external  causes  that  could  disturb  equilibrium 
are  balanced,  the  observed  differences  in  weight  can  result  only  from 
variations  in  the  gas  inside. 

The  globe  is  then  again  surrounded  with  ice,  communication  with 
the  air-pump  and  the  manometer  is  established,  and  a  partial  vacuum 
is  produced  as  far  as  a  certain  limit  Ju  On  the  globe  being  again 
suspended  from  the  scale,  the  equilibrium  of  the  balance  is  disturbed, 
and  the  weight  w,  necessary  to  re-establish  it,  is  evidently  equal  to 
the  weight, of  a  volume  of  dry  gas  at  0°,  and  at  the  pressure  H— A, 
H  being  the  external  pressure  Hence  it  follows  that  the  weight  of 
dry  gas  which  would  completely  fill  the  globe  at  the  temperature  of 
0^  and  at  the  pressure  of  760  millimetres,  is 

H-V 

The  same  experiment,  when  performed  with  air,  would  give  as  the 
weight  of  the  same  volume  of  this  gas  under  the  same  conditions 


760 


v/  ^.-,^ 


The  relative  density  of  the  given  gas  is  therefore 

760^,^    760   _w    H^-A^ 
^'h-A*      H-A'    vf-  H-A' 

222.  Weight  of  a  Litre  of  Air. — The  preceding  experiments  give 
the  weight  of  dry  air  which  fiUs  a  given  globe  at  0°,  and  at  a  pressure 
of  760  millimetrea  In  order  to  know  the  weight  of  a  litre  of  air, 
we  have  only  to  observe  the  weight  of  water  which  fills  the  same 
globe  at  a  given  temperature.  Let  m  be  the  diflerence  of  weight  of 
the  globe  when  filled  with  water  and  with  dry  air;  then  the  weight 
of  the  water  contained  in  the  globe  is  evidently  m  plus  the  weight 
of  the  dry  air,  which  is  previously  known,  and  which  we  shall  denote 
by  a.  Let  x  be  the  volume  of  the  globe,  and  e  the  expansion  of  the 
water  from  4°  C.  to  the  temperature  of  weighing.  Then,  if  the  gramme 
and  cubic  centimetre  be  the  units  of  weight  and  volume,  we  have  the 
equation 


1+c 


^  The  same  device  had  previouBly  been  employed  by  Dr.  Prout  in  determining  the  weight 
of  air. 


WEIGHT  OF  AIR. 


297 


which  gives  the  volume  of  the  globe  at  a  known  temperature,  whence 
the  volume  at  zero  may  be  deduced. 

Various  minute  precautions  are  necessary  in  order  to  fill  the  globe 
with  water  completely  free  from  air,  and  in  order  to  insure  that  the 
temperature  shall  be  the  same  throughout  the  whole  of  the  consider- 
able  volume  employed  in  the  experiment.  The  first  condition  is 
especially  difficult  to  fulfil;  in  order  to  attain  it,  Regnault  first 
expelled  the  air  from  the  globe  by  introducing  a  small  quantity  of 
water,  and  then  exhausting  the  globe,  the  process  being  aided  by  a 
slight  elevation  of  temperature;  on  the  other  hand,  water,  from  which 
the  air  had  been  expeUed  by  boiling,  was  forced  by  the  pressure  of 
steam  into  a  tube  leading  to  the  stop-cock  of  the  exhausted  globe, 
so  as  to  be  nowhere  exposed  to  the  atmosphere.  The  difficulties  of 
this  process  were  skilfully  overcome  by  Regnault,  and  he  finally 
arrived  at  the  following  result. 

In  Paris,  at  a  height  of  60  metres  above  the  level  of  the  sea,  a  litre 
of  dry  air,  at  the  temperature  of  0**  C,  and  a  pressure  of  760  milli- 
metres, weighs  1-2932  gramme.  A  pressure  of  760  millimetres  of 
mercury  has  not  the  same  efiective  value  at  difierent  parts  of  the 
globe,  on  account  of  the  variations  in  the  intensity  of  gravity,  whence 
it  follows  that  the  weight  of  the  litre  of  air,  defined  by  the  preceding 
conditions,  varies  proportionally  to  the  value  oig,    (See  note  to  §  100.) 

The  following  table  gives  the  densities  of  several  gases  at  0°  C,  and 
under  the  pressure  of  760  millimetres  at  Paris :— - 


Belatire  Density. 
1 


Nameof  Oas. 

Air 

Oxygen 110563 

Hydrogen 06926 

Nitrogen -97137 

Chlorine 2-4216 

Carbonic  oxide '9569 

Carbonic  add 1*52901 

Protoxide  of  nitrogen 1*5269 

Binoxide  of  nitrogen 1*0388 

SulphurouB  add 21930 

Cyanogen 1*8064 

Marsh-gas *559 

defiant  gas "985 

Ammonia '5967 


Abflolute  Density 
in  grammes  per  litror 

1*2982 

1*4298 

•08957 
126615 
3*1328 
1*2844 
1*9774 
1*9697 
1*3434 
2*7289 
2*3302 

•727 
1-274 

•7697 


228.  Draught  of  Chimneys. — The  expansion  of  air  by  heat  pro- 
duces the  upward  current  in  chimneys,  and  an  approximate  expres- 
sion for  the  velocity  of  this  current  may  be  obtained  by  the  applica- 
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tion  of  Torricelli's  theorem  on  the  efflux  of  fluids  from  orifices  (Chap, 
xviii.]. 

Suppose  the  chimney  (o  be  cylindrical  and  of  height  h.  Let  the 
air  within  it  be  at  the  uniform  temperature  ('  Centigrade,  and  the 
external  air  at  the  uniform  temperature  t  According  to  Torricelli's 
theorem,  the  square  of  the  linear  velocity  of  efflux  is  equal  to  the 
product  of  2g  into  the  head  of  fluid,  the  term  head  ofjluid  being 
employed  to  denote  the  pressure  producing  efflux,  expressed  in  terms 
ofde'pth  of  the  fluid. 

In  the  present  case  this  head  is  the  diflerence  between  h,  which  is 
the  height  of  air  within  the  chimney,  and  the  height  which  a  coluDui 
of  the  external  air  of  original  height  h  would  have  if  expanded 
upwards,  by  raising  its  temperature  from  ^  to  ^.  This  latter  height 
is  h  :^~  ;  a  denoting  the  coefficient  of  expansion  00366;  and  the 
head  is 

l  +  at  l  +  o( 

Hence,  denoting  by  v  the  velocity  of  the  current  up  the  chimney,  we 
have 

This  investigation,  though  it  gives  a  result  in  excess  of  the  truth, 
from  neglecting  to  take  account  of  friction  and  eddies,  is  sufficient  to 
explain  the  principal  circumstances  on  which  the  strength  of  draught 


depends.     It  shows  that  the  draught  increases  with  the  height  A  of 
the  chimney,  and  also  with  the  difference  t  —  t  between  the  internal 

and  external  temperatures. 
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The  draught  i&  not  so  good  when  a  fire  is  first  lighted  aa  after  it 
has  been  burning  for  some  time,  because  a  cold  chimney  chills  the 
air  within  it.  On  the  other  hand,  if  the  fire  is  so  regulated  as  to 
keep  the  room  at  the  same  temperature  in  all  weathers,  the  draught 
will  be  strongest  when  the  weather  is  coldest. 

The  opening  at  the  lower  end  of  the  chimney  should  not  be  too 
wide  nor  too  high  above  the  fire,  as  the  air  from  the  room  would  then 
enter  it  in  large  quantity,  without  being  firet  warmed  by  passiug 
through  the  fire.     These  defects  prevailed  to  a  great  extent  in  old 
cbimneya     Bumford  was  the  first  to  attempt  i  ational  improvementa 
He  reduced  the  opening  of  the  chimney  and  the  depth  of  the  fire- 
place,  and    added   polished 
plates  inclined  at  an  angle, 
which  serve  both  to  guide 
the  air  to  the  fire  and  to  re- 
flect heat  into  the  room  (Fig. 
220). 

The  blower  (Fig.  221)  pro- 
duces its  well-known  efiects 
by  compelling  all  air  to  pass 
through  the  fire  before  enter- 
ing the  chimney.     This  at 

oac6  improves  the  draught  of  Fig-  m.— Rn^piua  oitt  Bionr. 

the  chimoey  by  raising  the 

temperature  of  the  air  within  it,  and  quickens  combustion  by  in- 
creasing the  supply  of  oxygen  to  the  fueL 

224.  Stores. — The  heating  of  rooms  by  open  fire-places  is  effected 
almost  entirely  by  radiation,  and  much  even  of  the  radiant  beat  is 
wasted.  This  mode  of  heating  then,  though  agreeable  and  healthful, 
is  far  fi-om  economical  Stoves  have  a  great  advantage  in  point  of 
economy,  for  the  heat  absorbed  by  their  sides  is  in  great  measure 
given  out  to  the  room,  whereas  in  an  ordinary  fire-place  the  greater 
part  of  this  heat  is  losi  Open  fire-places  have,  however,  the  advan- 
tage as  r^ards  ventilation;  the  large  opening  at  the  foot  of  the 
chimney,  to  which  the  air  of  the,room  has  free  access,  causes  a  large 
body  of  air  fi^m  the  room  to  ascend  the  chimney,  its  place  being 
supplied  by  fresh  air  entering  through  the  chinks  of  the  doors  and 
wiodows,  or  any  other  openings  which  may  exist. 

Stoves  are  also  liable  to  the  objection  of  making  the  air  of  the  room 
too  dry,  not,  of  course,  by  removing  water,  but  by  raising  the  tem- 
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perature  of  the  air  too  much  above  the  dew-point  (Chap.  zxviiL).  The 
same  thing  occurs  with  open  fire-places  in  froety  weather,  at  which 
time  the  dew-point  ia  unusually  low.  This  evil  can  be  remedied  by 
placing  a  vessel  of  water  on  the  stove.  The  reason  why  it  is  more 
liable  to  occur  with  stovea  than  with  open  fire-places,  is  mainly  that 
the  former  raise  the  air  in  the  room  to  a  higher  temperature  than 
the  latter,  the  defect  of  air-temperature  being  in  the  latter  case  com- 
pensated by  the  intensity  of  the  direct  radiation  from  the  glowing 
fuel 

Fire-clay,  from  its  low  conducting  power,  is  very  serviceable  both 
for  the  backs  of  fire-places  and  for  the  lining  of  stoves.  In  the  former 
situation  it  prevents  the  wasteful 
escape  of  heat  backwards  into  the 
chimney,  and  keeps  the  back  of  the 
fire  nearly  as  hot  as  the  centre.  As 
a  lining  to  stoves,  it  impedes  the 
lateral  escape  of  heat,  thus  answer- 
ing the  double  puipose  of  prevent- 
ing the  sides  of  the  stove  from  over- 
heating, and  at  the  same  time  of 
keeping  up  the  temperature  of  the 
fire,  and  thereby  promoting  com- 
plete combustion.  Its  use  must, 
however,  be  confined  to  that  por- 
tion of  the  stove  which  serves  as 
the  fire-box,  as  it  would  otherwise 
prevent  the  heat  from  being  given 
out  to  the  apartment 

The  stove  represented  in  Fig.  222' 
belongs  to  the  class  of  what  are 
called  in  France  calorifires,  and  in 
England  ventilating  stoves,  being 
constructed  with  a  view  to  promot- 

Fij.  S2I.— VmtUitlDs  StoTB.  .  ' 

mg  the  circulation  and  renewal  of 
the  air  of  the  apartment.  G  is  the  fire-box,  over  which  is  the  feeder 
U,  containing  unbumed  fuel,  and  tightly  closed  at  top  by  a  lid,  which 
is  removed  only  when  fresh  fuel  is  to  be  introduced.  The  ash-pan 
F  has  a  door  pierced  with  holes  for  admitting  air  to  support  com- 

'  With  the  eiception  of  the  Tentilatjng  utBugement,  tMd  rtovs  is  identical  irith  what  it 
kuowii  in  thia  ooantij  as  Walker'a  aelf-teediug  atove. 
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bustion.  The  flame  and  smoke  issue  at  the  edge  of  the  fire-boz,  and 
after  circulating  round  the  chamber  0  which  surrounds  the  feeder, 
enter  the  pipe  T  which  leads  to  the  chimney.  The  chamber  0  is 
surrounded  by  another  inclosure  L,  through  which  fresh  air  passes, 
entering  below  at  A,  and  escaping  into  the  room  through  peiforations 
in  the  upper  part  of  the  stove  as  indicated  by  the  arrows.  The 
amount  of  fresh  air  thus  admitted  can  be  regulated  by  the  throttle- 
valve  P. 


CHAPTER    XXIV. 


FUSION    AND    SOLIDIFICATION. 


220.  Foflion. — Many  solid  bodies,  when  raised  to  a  sufficiently  high 
temperature,  become  liquid.  This  change  of  state  is  called  melting 
or  fusion,  and  the  temperature  at  which  it  occurs  (called  the  melting- 
point,  or  temperature  of  fusion)  is  constant  for  each  substance,  with 
the  exception  of  the  variations — ^which  in  ordinary  circumstances  are 
insignificant — due  to  difierences  of  pressure  (§  237).  The  melting- 
points  of  several  substances  are  given  in  the  following  table : — 

Table  of  Melting- Points,  in  Decrees  Cbntiobadb. 


Mercury, -39 

loe, 0 

Butter, 83 

Lard, 33 

Spermaceti, 49 

Stearine, 55 

Ydlow  Wax, 62 

White  Wax, 68 

Stearic  Acid 70 

Phosphorus, 44 

Potassium, 63 

Sodium, ....  95 

Iodine, 107 

Sulphur, 110 


Tin, 230 

Bismuth, 562 

Lead,       320 

Zinc, 360 

Antimony, 432 

Bronze, 900 

Pure  Silver, 1000 

Copper, 1150 

Coined  Gold 1180 

Pure  Gold, 1250 

Cast  Iron,  1050  to  1250 

Steel,       .......    1300  to  1400 

Wrought  Iron,       ....    1500  to  1600 

Platinum, 2000 


Some  bodies,  such  as  charcoal,  have  hitherto  resisted  all  attempts 
to  reduce  them  to  the  liquid  state ;  but  this  is  to  be  attributed  only 
to  the  insufficiency  of  the  means  which  we  are  able  to  employ. 

It  is  probable  that,  by  proper  variations  of  temperature  and  pres- 
sure, all  simple  substances,  and  all  compound  substances  which  would 
not  be  decomposed,  could  be  compelled  to  assume  the  three  forms, 
solid,  liquid,  and  gaseous. 

The  passage  from  the  solid  to  the  liquid  state  is  generally  abrupt ; 
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but  thia  is  not  always  the  case.  Glass,  for  instance,  before  reaching 
a  state  of  perfect  liquefaction,  passes  through  a  series  of  intennediate 
stages  in  which  it  is  of  a  viscous  consisteDcj,  and  can  be  easily  drawn 
ont  into  exceedingly  fine  threads,  or  moulded  into  different  shapea 

S26.  Constant  Temperature  daring  Faaion. — During  the  entire  time 
of  fiision  the  temperature  remains  constant.     Thus  if  a  vessel  con- 
taining ice  he  placed  on  the  fire,  the  ice  will  melt  more  quickly  as 
the  fire  is  hotter;  but  if  the  mixture  of  ice  and  water  he  constantly 
stirred,  a  thermometer  placed  Id  it  will  indicate  the  temperature 
zero  without  variation  so  long  as  any  ice  re- 
mains unmelted;   it  is  only  after  all  the  ice 
has  become  liquid  that  a  rise  of  temperature 
will  be  observed 

In  the  same  way,  if  sulphur  be  heated  in  a 
glass  vessel,  the  temperature  indicated  by  a 
thermometer  placed  in  the  vessel  will  rise  grad- 
oally  until  it  reaches  about  1 1 0°,  when  a  por- 
tion of  the  sulphur  will  be  seen  to  become 
liquid,  and  if  the  vessel  he  shaken  during  the 
time  of  fusion,  until  the  whole  of  the  sulphur 
is  liquefied,  the  temperature  will  be  observed 
to  remain  steadily  at  this  poinc 

237.  Latent  Heat  ot  Fnsion.  — This  con-  y^_  ^,_r,^  ^  8^y,^„, 
stancy   of  temperature    is   very   remarkable, 

and  leads  to  some  important  conclusions.  In  fact,  as  the  action 
of  the  fire  continues  the  same  throughout  the  entire  time  of  fusion, 
while  the  thermometer  remains  stationary,  all  the  heat  supplied 
after  liquefaction  has  begun,  appears  to  be  lost.  Hence  we  con- 
clude, that  in  order  that  a  body  may  pass  from  the  solid  to  the 
liquid  state,  it  must  absorb  a  certain  quantity  of  heat  which  produces 
no  thermometric  effect.  Black,  who  was  the  first  to  investigate  this 
subject,  gave  to  the  heat  thus  absorbed  the  name  of  UUent  heat,  by 
which  it  is  still  usually  designated.  A  similar  absorption  of  heat 
without  thermometric  effect  occurs  when  a  boiling  liquid  is  converted 
into  vapour.  Hence  it  is  necessary  to  dLstinguish  between  the  latent 
htat  of  fueion  and  the  latent  heat  of  vaporization}  Latent  heat 
then  may  be  defined  as  the  heat  absorbed  in  virtue  of  change  of 

'  The  former  ii  often  called  the  ktent  beat  of  tbe  liquid,  uid  the  Utter  of  the  T^nur. 
Thui  we  tpekk  of  the  Utent  heat  of  water  (which  beoomw  latent  in  the  melting  of  ice), 
Mid  of  the  latent  heat  of  iteam  (which  becomet  latent  in  the  TaporiiatioQ  of  water). 
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state  from  solid  to  liquid,  or  from  liquid  to  gaseous.  Modem  philo- 
sophy teaches  that  the  processes  of  fusion  and  vaporization  involve 
the  performance  of  work  by  heat  in  opposition  to  molecular  force,  and 
that  an  amount  of  heat  disappears  (or  becomes  latent)  which  is  the 
exact  equivalent  of  the  work  performed. 

228.  Heat  of  Fusion  of  Ice. — ^The  latent  heat  of  fusion  is  different 
for  different  substances.  Its  amount  for  ice  (commonly  called  the 
latent  heat  of  water)  can  be  approximately  determined  by  the  follow- 

'  ing  experiment,  which  is  due  to  Black,  who  was  the  first  to  make 
accurate  observations  on  this  subject 

Take  a  pound  of  ice  at  0°  C.  and  a  pound  of  water  at  79**  G  ;  let 
the  water  be  poured  over  the  ice,  and  the  mixture  rapidly  stirred. 
The  ice  will  melt,  and  two  pounds  of  water  at  0°  will  be  obtained. 
This  interesting  experiment  shows  that  all  the  beat  necessary  to  raise 
a  pound  of  water  from  0""  to  79"*  has  been  absorbed  in  melting  a  pound 
of  ice;  and  it  is  thus  directly  proved  that  the  heat  required  to  melt  a 
pound  of  ice  is  exactly  the  same  as  that  required  to  raise  the  tem- 
perature of  a  pound  of  water  from  0®  to  79®. 

The  name  unit  of  heat  is  given  to  the  amount  of  heat  neoessaiy 
to  raise  unit  mass  of  water  one  degree.  It  will  be  different  according 
to  the  unit  of  mass  and  scale  of  temperature  adopted.  The  pound- 
centigrade  unit  is  the  heat  required  to  raise  a  pound  of  water  through 
one  degree  Centigrade,  and  we  see  from  above  that  79  of  these  units 
are  required  for  the  melting  of  a  pound  of  ice.^ 

On  comparing  the  heat  of  fusion  of  ice  with  that  of  some  other 
bodies  as  given  in  the  table  §  348,  it  will  be  seen  that  its  amount  is 
notably  greater  for  ice  than  for  any  of  the  other  substancea  Ice  is 
in  this  sense  the  most  difficult  to  melt,  and  water  the  most  difficult 
to  freeze  of  all  substances,  a  fact  which  is  of  immense  importance  in 
the  economy  of  nature,  as  tending  to  retard  the  processes  both  of 
freezing  and  thawing.  Even  as  it  is,  the  effects  of  a  sudden  thaw  are 
often  very  disastrous,  and  yet,  for  every  pound  of  ice  melted,  as  much 
heat  is  required  as  would  raise-  the  water  produced  through  79°  C. 
or  142"  F. 

229.  Solution. — The  reduction  of  a  body  from  the  solid  to  the  liquid 
state  may  be  effected  by  other  means  than  by  the  direct  action  of 
heat;  it  may  be  produced  by  the  action  of  a  liquid.  This  is  what 
occurs  when,  for  instance,  a  grain  of  salt  or  of  sugar  is  placed  in 

^  The  statements  in  this  paragraph,  including  the  definition  of  a  unit  of  heat^  are  only 
approximate.     The  subject  will  be  resumed  in  Chap.  xxzi. 
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vater;  the  body  is  said  to  melt  or  dissolve  in  tbe  water.  SolutioD, 
like  fusion,  is  accompanied  by  the  disappearance  of  heat  consequent 
on  the  change  from  the  solid  to  the  liquid  state.  For  example,  when 
nitrate  of  ammonia  is  rapidly  dissolved  in  water,  a  fall  of  &om  20° 
to  25°  Cent,  is  observed. 

Unlike  fusion,  it  is  attached  to  no  definite  temperature,  but  occurs 
with  more  or  less  freedom  over  a  wide  range.  Rise  of  temperature 
usually  favours  it;  but  there  are  some  strongly  marked  exceptions. 

280.  Freeiing:  Uixtnrea. — The  absorption  of  heat  which  accom- 
panies the  liquefaction  of  solids  is  the  basis  of  the  action  of  freezing 
mixtures.  In  all  such  mixtures  there  is  at  least  one  solid  ingredient 
which,  by  the  action  of  the  rest,  is  reduced  to  the  liquid  state,  thus 
occaflioning  a  fall  of  temperature  proportional  to  the  latent  beat  of 
its  hquef action. 

The  mixture  most  commonly  employed  in  the  laboratory  is  one  of 
SDOW  and  salt,  in  the  proportion  of  two  parts  of  the  former  to  one  of 
the  latter.  This  mixture  assumes  a  temperature  of  about  —18°  C.  (0°F.), 
and  furnished  Fahrenheit  with  the  zero  of  his  scale.  In  this  instance 
there  is  a  double  absorption  of  heat  caused  by  the  simultaneous  melt- 
ing of  the  snow  and  dissolving  of  the  salt 

We  may  obtain  a  freezing  mixture  without  the  use  of  snow  or  ice. 
Such  mixtures  are  often  employed  for  the  artificial  freezing  of  water. 
Various  kinds  of  apparatus  have  been  invented  for  this  purpose,  one 
of  which  is  shown  in  Fig.  221.     It  consists  of  a  metal  cylinder,  con- 
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taining  the  freezing  mixture  (liydrochloric  acid  and  sulphate  of  soda). 
In  the  cylinder  is  placed  a  mould  formed  of  two  concentric  vessels 
with  the  water  between  them,  an  arrangement  which  has  the  advan- 
tage of  increasing  the  surface  of  contact  The  whole  is  set  upon  a 
cradle,  the  rocking  of  which  greatly  assists  the  operation.     We  sub- 
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join  a  table  of  the  mast  important  freezing  mixtures,  with  the  pro- 
portions corresponding  to  the  maximum  effect.  These  proportions 
are  evidently  of  importance,  since  the  amount  of  heat  absorbed  in  a 
given  time  depends  upon  the  quantity  of  solid  matter  that  is  reduced 
to  the  liquid  state  during  that  time.  There  may  also  be  chemical 
action  between  the  materials  of  which  the  mixture  is  composed.  This 
is  always  attended  with  generation  of  heat,  so  that  in  this  case  the 
actual  result  depends  upon  the  difference  of  two  opposite  effecta 
Thus  the  mixture  of  four  parts  of  sulphuric  acid  with  one  of  ice 
causes  a  rise  of  temperature  of  about  50°  or  60^  while  four  parts  of 
ice  and  one  of  sulphuric  acid  produce  a  cold  of  from  — 15"*  to  —20°  C 

TABLE. 

Proportions         Fall  of  Temperature 
by  Weight.        in  Centigrade  degrees. 

Snow  or  Powdered  Ice, 2  7     from0»to-2r. 

Bay-Bait, *.     .     .     .       1  ) 

S'*^^* 3  I     f^omO•to-48^ 

Crystallized  Chloride  of  Calcium,    ...       4  > 

Nitrate  of  Ammonia, 1)      f^m +10^' to -15«. 

Water, 1  5 

Sal-ammoniac, 5  \ 

Nitiate  of  Potash,        5J     fro^  +  iqo  to  - 15^ 

Sulphate  of  Soda, 8i 

Water,       16^ 

Sulphate  of  Soda, 8{      from+ 10'' to  -  ir. 

Hydrochloric  Add, 5  ) 

281.  Solidiflcation  or  Congelation. — Congelation  is  the  inverse  of 
fusion;  that  is  to  say,  it  is  the  passage  of  a  substance  from  the  Uquid 
to  the  solid  state.  The  facully  of  undergoing  this  transformation 
may  be  regarded  as  common  to  all  liquids,  although  some,  for  example, 
alcohol  and  bisulphide  of  carbon,  have  never  yet  been  solidified. 

The  temperature  of  fusion  is  the  highest  temperature  at  which 
congelation  can  occur,  and  is  frequently  called  the  temperature  of 
congelation  (or  the  freezing-point) ;  but  it  is  possible  to  preserve 
substances  in  the  liquid  state  at  lower  temperaturea  Liquids  thus 
cooled  below  their  so-called  freezing-points  have,  however,  if  we  may 
so  say,  a  tendency  to  freeze,  which  is  only  kept  in  check  by  the  difi- 
cuUy  of  Tnaking  a  commencement.  If  freezing  once  begins,  or  if 
ever  so  small  a  piece  of  the  same  substance  in  the  frozen  state  be 
allowed  to  come  in  contact  with  the  liquid,  congelation  will  quickly 
extend  until  there  is  none  of  the  liquid  left  at  a  temperature  below 
that  of  fusion.     The  condition  of  a  liquid  cooled  below  its  freezing- 
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point  has  been  aptly  compared  to  that  of  a  row  of  bricks  set  on  end 
in  such  a  maimer  that  if  the  first  be  overturned,  it  will  cause  all  the 
rest  to  fall,  each  one  overturning  its  successor. 

The  contact  of  its  own  solid  infallibly  produces  congelation  in  a 
liquid  in  this  condition,  and  the  same  effect  may  often  be  produced 
hy  the  contact  of  some  other  solid,  especially  of  a  crystal,  or  by  giving 
a  slight  jar  to  the  containing  vessel. 

Despretz  has  cooled  water  to  —20°  C.  in  fine  capillary  tubes,  with- 
out freezing,  and  Dufour  has  obtained  a  similar  result  by  suspending 
globules  of  water  in  a  liquid  of  the  same  specific  gravity  with  which 
it  would  not  mix. 

232.  Heat  set  free  in  Congelation. — At  the  moment  when  congela- 
tion takes  place,  the  thermometer  immediately  rises  to  the  tempera- 
ture of  the  melting-point  This  may  be  easily  shown  by  experiment 
A  small  glass  vessel  is  taken,  containing  water,  in  which  a  mercurial 
thermometer  is  plunged.  By  means  of  a  firigorific  mixture  the  tem- 
perature is  easily  lowered  to  —  1 0°  or  —  1 2°,  without  the  water  freez* 
ing;  a  slight  shock  is  then  given  to  the  glass,  congelation  takes  place, 
and  the  mercury  rises  to  0°. 

The  heat  thus  produced  is  the  equivalent  of  the  work  done  by  the 
molecular  forces  of  the  body  in  the  passage  from  the  liquid  to  the 
solid  stata  The  quantity  of  heat  thus  arising  is  evidently  the  same 
as  that  which  disappears  in  fusion,  since  they  are  the  equivalents  of 
the  same  amount  of  work  performed  in  opposite  directiona  The 
production  of  this  heat  may  be  experimentally  shown  in  another  way. 
If  we  beat  a  quantity  of  lead  to  its  melting-point  (320°),  and  when 
the  metal  is  just  beginning  to  melt,  plunge  it  into  water,  a  certain 
rise  of  temperature  will  be  observed.  If  we  repe&t  the  same  experi- 
ment, allowing  the  lead  time  to  melt  completely,  the  temperature 
being  still  320°,  a  much  more  considerable  increase  in  the  temperature 
of  the  water  will  be  produced,  the  reason  being  that  the  lead  in 
solidifying  in  contact  with  the  water  gives  out  its  latent  heat 

238.  Crystallization. — When  the  passage  from  the  liquid  to  the 
solid  state  is  a  gradual  one,  it  frequently  happens  that  the  molecules 
group  themselves  in  such  a  manner  as  to  present  regular  geometric 
forma  This  process  is  called  crystallization,  and  the  regular  bodies 
thus  formed  are  called  crystals  The  particular  crystalline  form 
assumed  depends  upon  the  substance,  and  often  affords  a  means  of 
recognizing  it  The  forms,  therefore,  in  which  bodies  crystallize 
are  among  their  most  important  characteristics,  and  are  to  some 
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extent  analogous  to  the  shapes  of  animals  and  plants  in  the  organic 
world 

In  order  to  make  a  body  crystallize  in  solidifying,  the  following 
method  ia  employed.  Suppose  the  given  body  to  be  bismuth  ;  the 
first  step  is  to  melt  it,  and  then  leave  it  to  itself  for  a  time  The 
metal  naturally  begins  to  solidify  first  at  the  surface  and  at  the  sides, 
where  it  is  most  directly  exposed  to  cooling  influences  from  without; 
accordingly,  when  the  outer  layer  of  the  metal  is  solidified,  the  in- 
terior is  still  in  the  liquid  state.  If  the  upper  crust  be  now  removed, 
and  the  liquid  bismuth  poured  off,  the  sides  of  the  vessel  will  be  seen 
to  be  covered  with  a  number  of  beautiful  crystals. 

If  the  metal  were  allowed  to  stand  too  long,  the  entire  mass  would 
become  solid,  the  different  crystals  would  unite,  and  no  regularity  of 
structure  would  be  observable.  This  is  the  case  with  a  great  number 
of  ^lids;  ice  is  one  very  remarkable  instance. 

S34.  Flowers  of  loe. — The  tendency  of  ice  to  assume  a  crystalline 
form  is  seen  in  tlie  fern-leaf  patterns  which  appear  on  the  windows 
in  winter,  caused  by  the  congealing  of  moisture  on  them,  and  still 
more  distinctly  in  the  symmetrical  forms  of  snow-fiakes  (see  Chap, 
xxviii.)  In  a  block  of  ice,  however,  this  crystalline  structure  does 
not  show  itself,  owing  to  the  closeness  with  which  the  crystals  fit  into 
each  other,  so  that  a  mass  of  this  substance  appears  almost  completely 
amorphous.  Tyndall,  however,  in  a  very  interesting  experiment, 
has  succeeded  in  gradually  dtcryetallizing  ice,  if  we  may  use  the 


expression,  and  thus  exhibiting  the  crystalline  elements  of  which  it 
is  comi>03ed.  The  experiment  consists  in  causing  a  pencil  of  solar 
rays  to  full  perpendicular  to  the  surfaces  of  congelation  on  a  sheet  of 
ice,  such  as  is  naturally  formed  upon  the  surface  of  water  in  winter. 
A  lens  placed  behind  the  ice  (Fig.  225)  serves  to  project  upon  a  screen 
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tbe  image  of  what  is  found  in  the  interior  of  the  block.  The  aucces- 
sive  appearances  observed  upon  the  screen  are  shown  in  Fig.  226. 
A  small  luminous  circle  is  first  seen,  from  which  branch  out  rays, 
resembling  the  petals  of  a  flower  whose  pistil  is  tbe  circle.  Frequent 
changes  also  occur 
in  the  shape  of 
the  branches  them- 
selves, which  are 
often  cut  so  as 
to  resemble  fem- 
leaves,  like  those 
seen  upon  the  win- 
dows duriug  frost 
In  this  experiment 
the  solar  heat,  in- 
stead of  uniformly 
melting  the  mass 
of  ice,  which  it 
would  certainly  do 
if  the  mass  were 
amorphous,  acts 
successively  upon 
the  different  crys- 
tals of  which  it  is 
built  up,  affecting 
them  in  the  re- 
verse orderof  their 
formation.  There 
are  thus  produced 
a  number  of  spaces 
of  regular  shape, 
containing  water, 
and  producing 
comparatively 
dark  images  upon 

the  screen.  In  the  centre  of  each  there  is  generally  a  bright  spot, 
which  corresponds  to  an  empty  space,  depending  on  the  fact  that 
the  water  occupies  a  smaller  volume  than  the  ice  from  which  it  has 
been  produced. 

238.  Snpereaturation. — The  proportion  of  solid  matter  which  a  liquid 
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can  hold  in  soLutioD  varies  according  to  the  temperature ;  as  a  genera! 
rule,  though  not  bj  any  means  io  all  cases,  it  increases  as  the  tem- 
perature rises.  Hence  it  follows,  that  if  a  saturated  solution  be  left 
to  itself,  the  effect  of  evaporation  or  cooling  will  be  gradually  to  dim- 
inish the  quantity  of  matter  which  can  be  held  in  solution.  A  portion 
of  the  dissolved  substance  will  accordingly  pass  into  the  solid  state, 
assuming  generally  a  crystalline  form.  This  is  an  exceedingly  com- 
mon method  of  obtainiug  crystals,  and  is  known  as  the  humid  way. 
In  connection  with  this  process  a  phenomenon  occuib  wfaicb  is 
precisely  analogous  to  the  cooling  of  a  liquid  below  its  freezing-point 
It  may  be  exemplified  by  the  following  experiment. 

A  tube  drawn  out  at  one  end  (Fig.  227)  is  filled  with  a  warm  cod- 
centrated  solution  of  sulphate  of  soda.     The  solution  is  boiled,  and 
while     ebullition    is 
>.  proceeding  freely,  the 

tube  is  hermetically 
sealed;  by  this  means 
the  tube  is  exliausted 
of  air.  The  solution 
when  left  to  itself 
cools  without  the  sol- 
id being  precipitated, 
although  the  liquid  is 
auperaaturated.  Bui 
if  the  end  of  the  tube 
be  broken  off,  and  the 
air  allowed  to  enter, 
crystallization  imme- 
diately commences  at 
the  surface,  and  is 
quickly     propagated 

"'■"-'■"■"SA'TSr"'^'""'-'  'l'™»8l'     *«    whole 

length  of  the  tube; 
it  the  same  time,  as  we  should  expect,  a  considerable  rise  of  tem- 
lerature  is  observed.  If  the  phenomenon  does  not  at  once  occur 
>□  the  admission  of  the  air,  it  can  be  produced  with  certainty  by 
throwing  a  small  piece  of  the  solid  sulphate  into  the  solution.' 

236.  Ghangre  of  Volume  at  the  Homent  of  Congelation.  Expansive 
I'oroeof  Ice. — In  passing  from  the  liquid  to  the  soUd  state,  bodies 
[enerally  undergo  a  diminution  of  volume;   there  are,  however, 
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exceptions,  such  as  ice,  bismuth,  silver,  and  cast-iron.  It  is  this  pro- 
perty which  renders  this  latter  substance  ao  well  adapted  for  the 
purposes  of  moulding,  as  it  enables  the  metal  to  penetrate  completely 
into  every  part  of  the  mould.  The  expansion  of  ice  is  considerable, 
amounting  to  about  ■^•,  its  production  is  attended  by  enormous 
mechanical  force,  just  as  in  the  analogous  ca-se  of  expansion  by  heat. 
Its  effect  in  bursting  water-pipes  is  well  known.  The  following 
experiment  illustrates  this  expansive  force.  A  tube  of  forged  iron 
(Fig,  228)  is  filled  with  water,  and' tightly  closed  by  a  screw-atopper. 


V]g.  ns.— Bunting  of  Inn  Tiit»  b; 

The  tube  is  then  .surrounded  with  a  freezing  mixture  of  snow  and 
salt.  After  some  time  the  water  congeals,  a  loud  report  is  often 
heard,  and  the  tube  is  found  to  be  rent 

The  following  experiment,  performed  by  Major  Williams  at  Quebec, 
is  still  more  striking.     He  filled  a  1 2-inch  shell  with  water  and  closed 


Fig.  129.— EiperimeaC  ol  UiKJoi  Williami. 

it  with  a  wooden  stopper,  driven  in  with  a  mallet  The  shell  was 
then  exposed  to  the  air,  the  temperature  being  —28°  C.  (—18°  F.) 
The  water  froze,  and  the  bung  was  projected  to  a  distance  of  more 
than  100  yards,  while  a  cylinder  of  ice  of  about  8  inches  in  length 
was  protruded  from  the  hole.  In  another  experiment  the  shell  split 
in  halves,  and  a  sheet  of  ice  issued  from  the  rent  (Fig.  229). 

It  is  the  expansion  and  consequent  lightness  of  ice  which  enables 
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it  to  float  upoD  the  surface  of  water,  and  thus  aflbrd  a  j»'ot«ction  to 
animal  life  below. 

237.  Effect  of  Preasore  on  the  Helting:-point. — Professor  James 
Thomson  waa  led  by  theoretical  considerations  to  the  conclusion  that, 
in  the  case  of  a  substance  which,  like  water,  expands  in  solidi^ring, 
the  freezing  (or  melting)  point  must  of  necessity  be  lowered  by  pres- 
sure, and  that  a  mixture  of  ice  and  ice-cold  water  would  fall  in 
temperature  on  the  application  of  pressure.  His  reasoning'  consisted 
in  showing  that  it  would  otherwise  be  possible  (theoretically  at  leastj 
to  construct  a  machine  which  should  be  a  perpetual  source  of  work 
without  supply;  that  is,  what  is  commonly  called  a  perpetual  suction 
The  matter  was  shortly  afterwards  pot  to  the  test  of  experiment 
by  Professor  (now  Sir)  W.  Thomson,  who  compressed,  in  an  CErsted'n 
piezometer,  a  mixture  of  ice  and  water,  in  which  was  inserted  a  very 
delicate  thermometer  protected  from  pressure  in  the  same  manner 
asthe  instrument  represented  in  Fig.  194  c  (§189).  The  thermometer 
showed  a  regular  fidl  of  temperature  as  pressure  was  applied,  followed 
by  a  return  to  0°  C.  on  removing  the  pressure.  Pressures  of  81  and 
16'8  atmospheres  (in  excess  of  atmospheric  pressure)  lowered  the 
freezing-point  by  '106  and  '232  of  a  degree  Fahr.  respectively  as  in- 
dicated by  the  thermometer,  results  which  ^ree  almost  exactly  with 
Prof.  J.  Thomson's  prediction  of  ■0075  of  a  degree  Cent,  or  -01 35  of 
a  degree  Fahr.  per  atmosphere. 

Mousson  has  since  succeeded  in  reducing  the  melting-point  several 
degrees  by  means  of  enormous  pressure.     He  employed  two  forms  of 
apparatus,  by  the  first  of  which  he  melted  ice  at  the  temperature 
of  —5°  C,  and  kept  the  water  thus  produced  for  a 
considerable  time  at  this  temperature.     This  apparatus 
had  windows  (consisting  of  blocks  of  glass)  in  its  sides, 
through  which  the  melting  of  the  ice  was  seen.     His 
second  form  of  apparatus,  which  bore  a  general  resem- 
blance to  the  first,  is  represented  in  the  annexed  figure. 
It  consisted  of  a  steel  prism  with  a  cylindrical  bore, 
fit-  ^0.  having  one   of  its   extremities   closed   by   a   conical 

i"™™!^        stopper  strongly  screwed  in,  the  rest  of  the  bore  being 
traversed  by  a  screw-piston  of  steeL     The  apparatus 
was  inverted,  and  nearly  filled  with  water  recently  boiled,  into  which 
a  piece  of  copper  was  dropped,  to  serve  as  an  index.     The  apparatus, 

<  Trantaetitmt  Soyal  Sodets,  Edinhur^.     Jtaxarj,  184B. — Cambridge  and  DtiUn 
Math.  Jmaitat.    November,  I8S0. 
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stm  remaining  in  the  inverted  position,  was  surrounded  by  a  freezing 
mixture,  by  means  of  which  the  water  was  reduced  to  ice  at  the  tem- 
perature of  —18°  C.  The  stopper  was  then  screwed  into  its  place, 
and  the  apparatus  placed  in  the  erect  position.  The  piston  was  then 
screwed  down  upon  the  ice  with  great  force,  the  pressure  exerted 
being  estimated  in  some  of  the  experiments  at  several  thousand 
atmospherea  The  pressure  was  then  relaxed,  and,  on  removing  the 
stopper,  the  copper  index  was  found  to  have  fallen  to  the  bottom  of 
the  bore,  showing  that  the  ice  had  been  liquefied. 

Experiments  conducted  by  Bunsen  and  Hopkins  have  shown  that 
wax,  spermaceti,  sulphur,  stearin,  and  paraffin — substances  which, 
unlike  ice,  expand  in  melting — ^have  their  melting  points  raised  by 
pressure,  a  result  which  had  been  predicted  by  Professor  W. 
Thomson. 

2S7a.  Effect  of  Stress  in  general  upon  Melting  and  Solution. — 
In  the  experiments  above  described,  the  pressure  applied  was  hydro- 
statical,  and  was  therefore  equal  in  all  directions.  But  a  solid  may  be 
exposed  to  pressure  in  one  direction  only,  or  to  pull  in  one  or  more 
directions,  or  it  may  be  subjected  to  shearing,  twisting,  or  bending 
forces,  all  these  being  included  under  the  general  name  of  stress, 

Beasoning,  based  on  the  general  laws  of  energy,  leads  to  the  con- 
clusion that  stress  of  any  kind  other  than  hydrostatic,  applied  to  a 
solid,  must  lower  its  melting-point.  To  quote  Professor  J.  Thomson 
{Proc.Roy.Soc.  Dec.  1861),  "Any  stresses  whatever,  tending  to  change 
fche  form  of  a  piece  of  ice  in  ice-cold  water,  must  impart  to  the  ice  a 
tendency  to  melt  away,  and  to  give  out  its  cold,  which  will  tend  to 
generate,  from  the  surrounding  water,  an  equivalent  quantity  of  ice 
free  from  the  applied  stresses,"'  and  "stresses  tending  to  change  the 
form  of  any  crystals  in  the  saturated  solutions  from  which  they  have 
been  crystallized  must  give  them  a  tendency  to  dissolve  away,  and  to 
generate,  in  substitution  for  themselves,  other  crystals  free  from  the 
applied  stresses  or  any  equivalent  stresses."^  This  conclusion  he  ver- 
ified by  experiments  on  crystals  of  common  salt.  He  at  the  same 
time  suggested,  as  an  important  subject  for  investigation,  the  effect 

^  Professor  Thomson  draws  these  inferences  from  the  foUowing  principle,  which  he 
sasumes  (we  think  justly)  as  a  physical  axiom : — If  any  substance  or  system  of  substances 
be  in  a  condition  in  which  it  is  free  to  change  its  state  [as  ice,  for  example,  in  contact 
with  water  at  0°  C,  is  free  to  melt],  and  if  mechanical  work  be  applied  to  it  as  potential 
energy  in  such  a  way  that  the  occurrence  of  the  change  of  state  will  make  it  lose  that 
mechanical  work  from  the  condition  of  potential  energy,  without  receiving  other  potential 
energy  as  an  equivalent;  then  the  $uh8t<mce  or  syttem  will  p<u$  into  the  changed  etcOe, 
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of  hydrostatic  pressure  on  the  crystallization  of  solutions,  a  sabject 
which  was  afterwards  taken  up  experimentally  by  Sorby,  who 
obtained  effects  analogous  to  those  above  indicated  as  occurring  in 
connection  with  the  melting  of  ice  and  wax. 

238.  Begelation  of  Ice. — Faraday  in  1850  called  attention  to  the 
fact  that  pieces  of  moist  ice  placed  in  contact  with  one  another  will 
freeze  together  even  in  a  warm  atmosphere.  This  phenomenon,  to 
which  Tyndall  has  given  the  name  of  regelation,  admits  of  ready  ex- 
planation by  the  principles  just  enunciated.  Capillary  action  at  the 
boundaries  of  the  film  of  water  which  connects  the  pieces  placed  in  con- 
tact, produces  an  effect  equivalent  to  attraction  between  them,  just  as 
two  plates  of  clean  glass  with  a  film  of  water  between  them  seem  to 
adhere.  Ice  being  wetted  by  water,  the  boundary  of  the  connecting 
film  is  concave,  and  this  concavity  implies  a  diminution  of  pressure 
in  the  interior.  The  film,  therefore,  exerts  upon  the  ice  a  pressure 
less  than  atmospheric ;  and  as  the  remote  sides  of  the  blocks  are  ex- 
posed to  atmospheric  pressure,  there  is  a  resultant  force  urging  them 
together  and  producing  stress  at  the  small  surface  of  contact  Melt- 
ing x>f  the  ice  therefore  occurs  at  the  places  of  contact,  and  the  cold 
thus  evolved  freezes  the  adjacent  portions  of  the  water  film,  which, 
being  at  less  than  atmospheric  pressure,  will  begin  to  freeze  at  a 
temperature  a  little  above  the  ordinary  freezing-point 

As  regards  the  amount  of  the  force  urging  the  pieces  together,  if  two 
flat  pieces  of  ice  be  supported  with  their  faces  vertical,  and  if  they 
be  united  by  a  film  from  whose  lower  edge  water  trickles  away, 
the  hydrostatic  pressure  at  any  point  within  this  film  is  less  than 
atmospheric  by  an  amount  represented,  in  weight  of  water,  by  the 
height  of  this  point  above  the  part  firom  which  water  trickles. 
If,  for  simplicity,  we  suppose  the  film  circular,  the  plates  will  be 
pressed  together  with  a  force  equal  to  the  weight  of  a  cylinder  of 
water  whose  base  is  the  film  and  whose  height  is  the  radius. 

239.  Apparent  Plasticity  of  Ice.  Motion  of  Olaciers. — ^A  glacier 
may  be  described  in  general  terms  as  a  mass  of  ice  deriving  its 
origin  from  mountain  snows,  and  extending  from  the  snow-fields 
along  channels  in  the  mountain  sides  to  the  valleys  beneath. 

The  first  accurate  observations  on  the  movements  of  glaciers  were 
made  in  184J2,  by  the  late  Professor  (afterwards  Principal)  J.  D. 
Forbes,  who  established  the  fact  that  glaciers  descend  along  their 
beds  with  a  motion  resembling  that  of  a  pailful  of  mortar  poured 
into  a  sloping  trough ;  the  surface  moving  faster  than  the  bottom 
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and  the  centre  faster  than  the  sides.  He  summed  up  his  view  by 
saying,  "  A  glacier  is  an  imperfect  fluids  or  a  viscous  body  which  is 
urged  down  slopes  of  a  certain  inclination  by  the  mutual  pressure  of 
its  parts." 

This  apparent  viscosity  is  explained  by  the  principles  of  §  287a. 
According  to  these  principles  the  ice  should  melt  away  at  the  places 
where  stress  is  most  severe,  an  equivalent  quantity  of  ice  being 
formed  elsewhere.  The  ice  would  thus  gradually  yield  to  the  ap- 
plied forces,  and  might  be  moulded  into  new  forms,  without  undergoing 
rupture.  Breaches  of  continuity  might  be  produced  in  places  where 
the  stress  consisted  mainly  of  a  pull,  for  the  pull  would  lower  the 
freezing-point,  and  thus  indirectly  as  well  as  directly  tend  to  produce 
ruptures,  in  the  form  of  fissures  transverse  to  the  direction  of  most 
intense  pulL  The  efifect  of  violent  compression  in  any  direction  would, 
on  the  other  hand,  be,  not  to  crack  the  ice,  but  to  melt  a  portion  of 
its  interior  sufficient  to  relieve  the  pressure  in  the  particular  part 
affected,  and  to  transfer  the  excess  of  material  to  neighbouring  parts, 
which  must  in  their  turn  give  way  in  the  same  gradual  manner. 

In  connection  with  this  explanation  it  is  to  be  observed  that  the 
temperature  of  a  glacier  is  always  about  0°C.,  and  that  its  structure 
is  eminently  porous  and  permeated  with  ice-cold  water.  These  are 
conditions  eminently  favourable  (the  former,  but  not  the  latter,  being 
essential)  to  the  production  of  changes  of  form  depending  on  the 
lowering  of  the  melting-point  by  stresses. 

This  explanation  is  due  to  Professor  J.  Thomson^*  (British  Associa- 
tion Report,  1857).  Professor  Tyndall  had  previously  attempted  to 
account  for  the  phenomena  of  glacier  motion  by  supposing  that  the 
ice  is  fractured  by  the  forces  to  which  it  is  subjected,  and  that  the 
broken  pieces,  after  being  pushed  into  their  new  positions,  are  united 
by  regelation.  In  support  of  this  view  he  performed  several  very 
interesting  and  novel  experiments  on  the  moulding  of  ice  by  pres- 
sure, such  as  striking  medals  of  ice  with  a  die,  and  producing  a  clear 
transparent  cake  of  ice  by  powerfully  compressing  broken  pieces  in 
a  boxwood  mould  (Fig.  231). 

Interesting  experiments  on  the  plasticity  of  ice  may  be  performed 
by  filling  an  iron  shell  with  water  and  placing  it  in  a  freezing  mix- 

^  If  it  should  be  objected  that  the  lowering  of  the  meltmg-point  by  stress  is  too  insignifi- 
cant to  produce  the  vast  effects  here  attributed  to  it,  the  answer  is  that,  when  ice  and 
water  aie  present  together,  the  slightest  difference  is  sufficient  to  determine  which  portion 
of  the  water  shall  freeze,  or  which  portion  of  the  ice  shall  melt.  In  default  of  a  more 
powerful  cause,  those  portions  of  ice  which  are  most  stressed  will  melt  first. 
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ture,  leaving  the  aperture  open.  As  the  water  freezes,  a  cylinder 
of  ice  will  be  gradually  protruded.  This  experiment  is  due  to  Mr. 
Christie     Professor  Forbes  obtained  a  similar  result  by  using  a  very 


ng,  £>l.— In  UimliM  bj  Fiwnn. 

strong  glass  jar;  and  by  smearing  the  interior,  just  below  the  neck, 
with  colouring  matter,  he  demonstrated  that  the  external  layer  ol 
ice  which  was  first  formed,  slid  along  the  glass  as  the  freezing  pro- 
ceeded, until  it  was  at  length  protruded  beyond  the  mouth. 

In  the  experiments  of  Major  Williams,  described  in  §  236,  it  is  pro- 
bable tliat  much  of  the  water  remained  unfrozen  until  its  pressure 
was  relieved  by  the  bursting  of  the  shells. 


CHAPTER    XXV. 
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EVAPORATION. 


S40.  Transfonnation  into  the  State  of  Vapour. — The  majority  of 
liquids,  when  left  to  themselves  in  contact  with  the  atmosphere, 
gradually  pass  into  the  state  of  vapour  and  disappear.  This  pheno- 
menon occurs  much  more  rapidly  with  some  liquids  than  with  others, 
and  those  which  evaporate  most  readily  are  said  to  be  the  most 
volatile.  Thus,  if  a  drop  of  ether  be  let  fall  upon  any  substance,  it 
disappears  almost  instantaneously;  alcohol  also  evaporates  very 
quickly,  Jiluij  water  requires  a  much  longer  time  for  a  similar  trans- 
formation, ^yrjie  change  is  in  all  cases  accelerated  by  an  increase  of 
temper&ture^  H  fact,  when  we  dry  a  body  before  the  fire,  we  are 
dimply  a'^aUing  ourselves  of  this  property  of  heat  to  hasten  the 
evaporation  oiB  the  mol^jtrure  of  thd  body.  Evaporation  may  also 
/take  plao^  from  Ji^ds,  ^Thus  camphor,#iDdine,  and  several  other 
irybsttmoes  pass 'dtredtly^  from  the  solid  ^^,  the  gaseous  state,  and  we 
shall  se^hereaft^r  thatuthe  vapour  of  ice  can  be  detected  at  tem- 
peratures At*  belQW  tl^  freezing-point.    ^ 

Evaporation  ^unlike  fusion,  occurs  over  a  very  wide  range  of  tem- 
peratura  There  appears,  however,  to  be  a  temperature  for  each 
substance,  below  which  evaporation,  if  it  exist  at  all,  cannot  be 
detected.  This  is  the  case  with  mercury  at  0"*  C,  and  with  sulphuric 
acid  at  ordinary  atmospheric  temperatures. 

241.  Vapour,  Oas. — The  words  gas  and  vapour  have  no  essential 
difference  of  meaning.  A  vapour  is  the  gas  into  which  a  liquid  is 
changed  by  evaporation.  Every  gas  is  probably  the  vapour  of  a 
certain  liquid.  The  word  vapour  is  especially  applied  to  the  gaseous 
condition  of  bodies  which  are  usually  met  with  in  the  liquid  or  solid 
state,  as  water,  sulphur,  &c.;  while  the  word  gas  generally  denotes  a 
body  which,  under  ordinary  conditions,  is  never  found  in  any  state 
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but  the  gaseous.  There  are  a  few  gases  which  experimenters  have 
hitherto  been  unable  to  obtain  under  any  other  form.  These  are 
oxygen,  hydrogen,  nitrogen,  nitric  oxide,  carbonic  oxide,  and  marsh 
gas ;  they  are  sometimes  called  perTnanent  gases. 

242.  Elastio  Force  of  Vapours.  Maximum  Tension. — The  char- 
acteristic property  of  gases  is  their  expansibility  or  elastic  force.^ 
This  may  be  exemplified  in  the  case  of  vapours  by  the  following 
experiment 

A  glass  globe  A  (Fig.  232)  is  fitted  with  a  metal  cap  provided  with 
two  openings,  one  of  which  can  be  made  to  communicate  with  a 
mercurial  manometer,  while  the  other  is  furnished  with  a  stop-cock  R 
The  globe  is  first  exhausted  of  air  by  establishing  communication 
through  R  with  an  air-pump.  The  mercury  rises  in  the  left-hand 
and  falls  in  the  right-hand  branch  of  the  manometer ;  the  final  dif- 
ference of  level  in  the  two  branches  differing  from  the  height  of  the 
barometer  only  by  the  very  small  quantity  representing  the  tension 
of  the  air  left  behind  by  the  machine.  The  stop-cock  R  is  then 
closed,  and  a  second  stop-cock  R'  surmounted  by  a  funnel  is  fixed 
above  it  The  hole  in  this  second  stop-cock,  instead  of  going  quite 
through  the  metal,  extends  only  half-way,  so  as  merely  to  form  a 
cavity.  This  cavity  serves  to  introduce  a  liquid  into  the  globe, 
without  any  communication  taking  place  between  the  globe  and  the 
external  air.  For  this  purpose  we  have  only  to  fill  the  funnel  with 
a  liquid,  to  open  the.  cock  R,  and  to  turn  that  at  R'  backwards  and 
forwards  several  times.  It  will  be  found,  that  after  the  introduction 
of  a  small  quantity  of  liquid  into  the  globe,  the  mercurial  column 
begins  to  descend  in  the  left  branch  of  the  manometer,  thus  in- 
dicating an  increase  of  elastic  force.  This  elastic  force  goes  on  in- 
creasing as  a  greater  quantity  of  liquid  is  introduced  into  the  globe; 
and  as  no  liquid  is  visible  in  the  globe,  we  must  infer  that  it  eva- 
'porates  as  fast  as  it  is  introduced,  and  that  the  fall  of  the  mercurial 
column  is  caused  by  the  elastic  force  of  the  vapour  thus  formed. 

This  increase  of  pressure,  however,  does  not  go  on  indefinitely. 
After  a  time  the  difference  of  level  in  the  two  branches  of  the  mano- 
meter ceases  to  increase,  and  a  little  of  the  unevaporated  liquid  may 
be  seen  in  the  globe,  which  increases  in  quantity  as  more  liquid  is 
introduced.  From  this  important  experiment  we  conclude  that  there 
is  a  limit  to  the  quantity  of  vapour  which  can  be  formed  at  a  given 
temperature  in  an  empty  space.      When  this  limit  is  reached,  the 

^  The  names  preisure,  tension,  and  elastic  force^  are  used  interchangeably. 
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space  is  said  to  be  saturated,  and  the  vapour  then  contained  in  it  is 
at  viaarimum  tension,  and  at  viaximum  density.  It  evidently  fol- 
lows from  this  that  if  a  quantity  of  vapour  at  less  than  its  maximum 
tension  be  inclosed  in  a  given  space,  and  then  compressed  at  constant 
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temperature,  its  tension  and  density  will  increase  at  first,  but  that 
after  a  time  a  point  will  be  reached  when  further  compression,  in- 
stead of  increasing  the  density  of  the  vapour,  will  only  cause  some  of 
it  to  pass  into  the  liquid  state.  This  last  result  may  be  directly 
verified  by  the  following  experiment.  A  barometric  tube  ab  (Fig. 
233)  is  filled  with  mercury,  with  the  exception  of  a  small  space,  into 
which  a  few  drops  of  ether  are  introduced,  care  having  first  been 
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taken  to  expei  any  bubbles  of  air  which  may  have  remained  ad- 
hering to  the  mercury.  The  tube  is  then  inverted  in  the  deep  bowl 
MN,  when  the  ether  ascends  to  the  surface  of  the  mercury,  is  Uiere 
converted  into  vapour,  and  produces  a  sensible  depression  of  the 
mercurial  column.  If  the  quantity  of  ether 
be  sufficiently  small,  and  if  the  tube  be 
kept  sufficiently  high,  no  liquid  will  he 
perceived  in  the  space  above  the  mercury ; 
this  space,  in  fact,  is  not  saturated.  The 
tension  of  the  vapour  which  occupies  it  is 
given  by  the  difference  between  the  height 
of  the  column  in  the  tube  and  of  a  baro- 
meter placed  beside  it  If  the  tube  be 
gradually  lowered,  this  difference  will  at 
first  be  seen  to  increase,  that  is,  the  tension 
of  the  vapour  of  ether  increases ;  but  if 
we  continue  the  process,  a  portion  of  liquid 
ether  will  be  observed  to  collect  above  the 
mercury,  and  after  this,  if  we  lower  the 
tube  any  further,  the  height  of  the  mer- 
cury in  it  remains  invariable.  The  only 
effect  is  to  increase  the  quantity  of  liquid 
deposited  from  the  vapour.' 

243.  Influenoe  of  Temperature  on  the 
Maximum  Tension. — Returning  now  to 
the  apparatus  represented  in  Fig.  232,  sup- 
pose that  some  of  the  liquid  remains  un- 
evaporated  in  the  bottom  of  the  globe,  and 
let  the  globe  be  subjected  to  an  increase 
of  temperature.      An  increase  of  elastic 

force  will  at  ooce  be  indicated  by  the  man- 
Fig.  S3s.-M«iinmm  Tnuion  ot  ^  ,  .,     ,,  ,.,       ,  ,.      . J      .„ 
v«pottn.                     ometer,  while  tlie  quantity  of  liquid  will 

be  diminished.  The  maximum  tension  of 
a  vapour,  therefore,  and  also  its  maximum  density,  inci'ease  with  the 
temperature;  and  consequently,  in  order  to  saturate  a  given  space, 
a  quantity  of  vapour  is  required  which  increases  with  the  tempera- 
ture.    In  a  subsequent  chapter  we  shall  give  the  results  of  experi- 

'  Strictly  speaking,  there  will  be  &  slight  additional  depression  oE  the  mercurial  oolanm 
due  to  the  weight  of  the  liquid  thus  deposited  on  its  Bummit ;  but  this  effect  will  genenUIv 
be  verj  amoll,  as  the  vapoor  occupies  much  more  apace  thui  the  liquid  which  it  jieMa. 
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ments  on  the  maximum  tension  of  aqueous  vapour  at  different  tem- 
peratures,  and  it  will  be  seen  that  the  increase  is  exceedingly  rapid. 
Fig.  234  is  a  graphical  representation  of  the  rate  at  which  the 
maximum  density  of  a  vapour  increases  with  the  temperature. 
Lengths  are  laid  off  on  the  base-line  AB,  to  represent  temperatures 
from  —20°  to  +36''0.,  and  ordinates  are  erected  at  every  fifth  de- 


— «0 


+20« 


+30*"       B 


Fig.  234. — Satiiration  at  diff6i-«nt  Temperaturea. 

gree,  proportional  to  the  weights  of  vapour  required  to  saturate  the 
same  space  at  different  temperatures.  The  curve  OD,  drawn  through 
the  extremities  of  these  ordinates,  is  the  curve  of  vapour-density  as 
a  function  of  temperature.  The  figures  on  the  right  hand  indicate 
the  number  of  grammes  of  vapour  required  to  saturate  a  cubic  metre. 

244.  Mixture  of  Oas  and  Vapour. — The  experiments  with  the 
apparatus  of  Fig.  232  may  be  repeated  after  filling  the  globe  with 
dry  air,  or  any  other  dry  gas,  and  the  results  finally  obtained  will 
be  the  same  as  with  the  exhausted  globe.  If,  as  before,  we  introduce 
successive  small  quantities  of  a  liquid,  it  will  be  converted  into  vapour, 
and  the  pressure  will  go  on  increasing  till  saturation  is  attained;  the 
elastic  force  of  vapour  will  then  be  found  to  be  exactly  the  same  as 
in  the  case  of  the  vacuous  globe,  and  the  quantity  of  liquid  eva- 
porated will  also  be  the  same. 

There  is,  however,  one  important  difference.  In  the  vacuum  the 
complete  evaporation  of  the  liquid  is  almost  instantaneous;  in  a  gas, 
on  the  other  hand,  the  evaporation  and  consequent  increase  of  pres- 
sure proceed  with  comparative  slowness ;  and  the  difference  between 

21 
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the  two  cases  is  more  marked  in  proportion  as  the  pressure  of  the 
gaa  13  greater. 

We  may  lay  down,  then,  the  two  following  laws  for  the  mixture 
of  a  vapour  with  a  gas : — 

1.  The  weight  of  vaTpour  which  will  enter  a  given  space  is  the 
same  whether  this  space  be  empty  or  filled  with  gas,  provided  plenty 
oftiine  he  allowed. 

2.  When  a  gas  is  saturated  with  vapour,  the  actual  tension  of  the 
mixture  is  the  sum  of  the  tensions  due  to  the  gas  a/nd  vapour  sepa- 
rately; that  is  to  say,  it  is  equal  to  the  pressure  which  the  gas  wovld 
exert  if  it  aXone  occupied  the  whole  space,  plus  iJte  maximum  ten- 
sion of  vapour  for  the  temperature  of  the  mixture. 

This  second  law  evidently  comes  under  the  general  rule  for  deter- 
mining the  pressure  of  a  mixture  of  gases  (§  127);  and  the  same  rule 
applies  to  a  mixture  of  gas  and  vapour  when  the  quantity  of  the 
latter  falls  short  of  saturation.  Each  element  in  a  mixture  of  gases 
and  vapours  exerts  the  same  pressure  on  the  walls  of  the  containing 
vessel  as  it  would  exert  if  the  other  elements  were  removed. 

It  is  doubtful,  however,  whether  these  laws  are  rigorously  true 
It  would  rather  appear  from  some  of  Regnault's  experiments,  that 
the  quantity  of  vapour  taken  up  in  a  given  space  is  slightly,  though 
almost  insensibly,  diminished,  as  the  density  of  the  gas  which  oc- 
cupies the  space  is  increased. 

246.  Liquefaction  of  OaseB. — When  vapour  exists  in  the  state  of 
saturation,  any  diminution  in  the  volume  must,  if  the  temperature 
is  preserved  constant,  involve  the  liquefaction  of  as  much  of  the 
vapour  as  would  occupy  the  diiference  of  volumes ;  and  the  vapour 

I  which  remains  will  stUl  be  at  the  original  density  and  tension.    A 

V4ilf>our  existing  by  itself  may  therefore  be  completely  liquefied  by 
subjecting  it  to  a  pressure  exceeding,  by  ever  so  slight  an  amoxmt, 
the  maximum  tension  corresponding  to  the  temperature,  provided 

I  that  the  containing  vessel  is  prevented  from  rising  in  temperature. 

'  Again,  if  a  vapour  at  saturation  be  subjected  to  a  fall  of  tem- 

perature, while  its  volume  remains  unchanged,  a  portion  of  it  must 
be  liquefied  corresponding  to  the  difierence  between  the  density  of 

\  saturation  at  the  higher  and  at  the  lower  temperature.     This  opera- 

|;  tion  will  obviously  diminish  the  tension,  since  this  will  now  be  the 

I  maximum  tension  corresponding   to  the  lower  instead  of  to  the 

,  higher  temperature. 

I  There  are  therefore  two  distinct  means  of  liquefying  a  vapour — 
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increase  of  pressare,  &nd  loweriDg  of  temperature.     They  are  em- 
ployed sometimeB  separately,  and  BometiiDes  in  conjanctioa. 

Fig.  235  repreaen^  the  apparatus  osually  employed  for  obtaining 
sulphurous  acid  in  the 
liquid  state.  The  gas, 
which  19  geoerated  in  a 
glass  globe,  passes  first 
into  a  washing-  bottle, 
then  through  a  drying- 
tube,  and  finally  into  a 
tube  surrounded  with  a 
freezing  mixture  of  snow 


and  B 


Fig.  S35,— Llqoirkinioa  of  Sulpbon 


Pouillet'a  apparatus,  de- 
scribed in  §  120,  serves  to  liquefy  most  gases  by  means  of  compression 

In  order  to  ascertain  the  pressures  at  which  liqueiaction  takes 
place,  or,  in  other  words,  the  maximum  tensions  of  gases,  one  of  the 
tubes  in  that  apparatus  is  replaced  by  a  shorter  tube,  containing 
atmospheric  (ur,  and  serving  as  a  manometer. 

By  this  means  Pouillet  has  found  that,  at  the  temperature  of  10°  C, 
sulphurous  acid  is 
liquefied  by  a  pressure 
of  2|  atmospheres, 
nitrons  oxide  by  a 
pressure  of  43,  and 
carbonie  acid  by  a 
pressure  of  45  atmo- 
spherea 

246.  raraday'B  Me- 
thod.— Faraday,  who 
was  the  first  to  con- 
duct methodical  ex- 
periments on  the 
liquefaction  of  gases, 
employed,  in  the  first 
ioBtance,  the   simple 

apparatus  represent-  Fig.  m-F«.d^  App^tu.. 

ed    in   Fig.   236.     It 

conaiflts  of  a  very  strong  bent  glass  tube,  one  end  of  which  contains 
iag^redients  which  evolve  the  gas  on  the  application  of  heat,  while 
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the  other  is  immersed  in  a  freezing  mixture.  The  pressure  produced 
by  the  evolution  of  the  gas  in  large  quantity  in  a  confined  space, 
combines  with  the  cold  of  the  freezing  mixture  to  produce  liquefac- 
tion of  the  gaa,  and  the  liquid  accordingly  collects  in  the  cold  end  of 
the  tube. 

Thilorier,  about  the  year  1834,  invented  the  apparatus  represented 
in  Fig.  237,  Tvhich  is  based  on  this  method  of  Faraday,  and  is  in- 
tended for  liquefying  carbonic  acid  gas.  This  operation  requires  the 
enormous  pressure  of  about  fifty  atmospheres  at  ordinary  tempera- 
tures. If  a  slight  rise  of  temperature  occur  from  the  chemical  actions 
attending  the  production  of  the  gas,  a  pressure  of  75  or  80  atmo- 
spheres may  not  improbably  be  required.  Hence  great  care  is  neces- 
sary in  testing  the  strength  of  the  metal  employed  in  the  construc- 
tion of  the  apparatus      It  was  formerly  made  of  cast  iron,  and 


strengthened  by  wrought-iron  hoop.t;  but  the  construction  has  since 
been  changed  on  account  of  a  terrible  explosion,  which  cost  the  life 
of  one  of  the  operators.  At  present  the  vessels  are  formed  of  three 
parts ;  the  inner  one  of  lead,  the  next  e,  which  completely  envelops 
this,  of  copper,  and  finally,  the  hoops /^  of  wrought  iron  fFig.  237). 
which  bind  the  whole  together.     The  apparatus  consists  of  two  dis- 
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tinct  reservoirs.  In  the  generator  C  is  placed  bicarbonate  of  soda, 
and  a  vertical  tube  a,  open  at  top,  containing  sulphuric  acid.  By 
imparting  an  oscillatory  movement  to  the  vessel  about  the  two  pivots 
which  support  it  near  the  middle,  the  sulphuric  acid  is  gradually 
spilt^  and  the  carbonic  acid  is  evolved,  and  becomes  liquid  in  the 
interior.  The  genemtor  is  then  connected  with  the  condenser  C  by 
the  tube  t,  and  the  stop-cocks  B  and  B'  are  opened  As  soon  as  the 
two  vessels  are  in  communication,  the  liquid  carbonic  acid  passes  into 
the  condenser,  which  is  at  a  lower  temperature  than  the  generator, 
and  represents  the  cold  branch  of  Faraday's  apparatus.  The  gene- 
rator can  then  be  disconnected  and  recharged,  and  thus  several  pints 
of  liquid  carbonic  acid  may  be  obtained. 

In  the  foregoing  methods,  the  pressure  which  produces  liquefaction 
is  furnished  by  the  evolution  of  the  gas  itself 

In  some  other  forms  of  apparatus  the  pressure  is  obtained  by  the 
use  of  one  or  more  compression-pumps,  which  force  the  gas  from  the 
vessel  in  which  it  is  generated  into  a  second  vessel,  which  is  kept  cool 
either  by  ice  or  a  freezing  mixtura  The  apparatus  of  this  kind 
which  is  most  extensively  used  is  that  devised  by  BianchL  It  con- 
sists of  a  compression-pump  driven  by  a  crank  furnished  with  a  fly- 
wheel, and  turned  by  hand. 

Faraday,  in  his  later  experiments,  employed  two  pumps,  the  first 
having  a  piston  of  an  inch,  and  the  second  of  only  half  an  inch  dia^ 
meter.  The  first  pump  in  the  earlier  stage  of  the  operation  forced 
the  gas  through  the  second  into  the  receiver.  In  the  later  stage  the 
second  pump  was  also  worked,  so  as  to  force  the  gas  already  con- 
densed to  10,  15,  or  20  atmospheres  into  the  receiver  at  a  much 
higher  pressure.  The  receiver  was  a  tube  of  green  bottle-glass,  and 
was  immersed  in  a  very  intense  freezing  mixture,  consisting  of  solid 
carbonic  acid  and  ether,  the  cooling  effect  being  sometimes  increased 
by  exhausting  the  air  and  vapour  from  the  vessel  containing  the 
freezing  mixture,  so  as  to  promote  more  rapid  evaporation. 

246  a.  Continuity  of  the  Liquid  and  Gaseous  States. — Remarkable 
results  were  obtained  by  Cagniard  de  la  Tour^  by  heating  volatile 
liquids  (alcohol,  petroleum,  and  sulphuric  ether)  in  closed  tubes  of 
great  strength,  and  of  capacity  about  double  the  volume  of  the 
inclosed  liquid.  At  certain  temperatures  (36°  C.  for  alcohol,  and  42° 
for  ether)  the  liquid  suddenly  disappeared,  becoming  apparently  con- 
verted into  vapour. 

^  .inn.  de  Chim.  IT.  xxi. 
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Drion,^  by  similar  experiments  upon  hydrochloric  ether,  hyponitric 
acid,  and  sulphurous  acid,  showed — 

1.  That  the  coefficients  of  apparent  expansion  of  these  liquids 
increase  rapidly  with  the  temperature. 

2.  That  they  become  equal  to  the  coefficient  of  expansion  of  air, 
at  temperatures  much  lower  than  those  at  which  total  conversion 
into  vapour  occurs. 

3.  That  they  may  even  become  double  and  more  than  double  the 
coefficient  of  expansion  of  air;  for  example,  at  130''C.  the  coefficient 
of  expansion  of  sulphurous  acid  was  '009571. 

Tliilorier  had  previously  shown  that  the  expansion  of  liquid  car- 
bonic acid  between  the  temperatures  O""  and  30"^  C.  is  four  times  as 
great  as  that  of  air. 

Drion  further  observed,  that  when  the  temperature  was  raised 
very  gradually  to  the  point  of  total  vaporization,  the  free  surface  lost 
its  definition,  and  was  replaced  by  a  nebulous  zone  without  definite 
edges  and  destitute  of  reflecting  power.  This  zone  increased  in  size 
both  upwards  and  downwards,  but  at  the  same  time  became  less 
visible,  until  the  tube  appeared  completely  empty.  The  same 
appearances  were  reproduced  in  inverse  order  on  graduaUy  cooUng 
the  tube. 

When  the  liquid  was  contained  in  a  capillary  tube,  or  when  a 
capillary  tube  was  partly  immersed  in  it,  the  curvature  of  the  meniscus 
and  the  capillary  elevation  decreased  as  the  temperature  rose,  until 
at  length,  just  before  the  occurrence  of  total  vaporization,  the  surface 
became  plane,  and  the  level  was  the  same  within  as  without  the  tube. 

Dr.  Andrews,  by  a  series  of  elaborate  experiments  on  carbonic 
acid,  with  the  aid  of  an  apparatus  which  permitted  the  pressure  and 
temperature  to  be  altered  independently  of  each  other,  has  shown 
that  at  temperatures  above  31'' 0.  this  gas  cannot  be  liquefied,  but, 
when  subjected  to  intense  pressure,  becomes  reduced  to  a  condition 
in  which,  though  homogeneous,  it  is  neither  a  liquid  nor  a  gaa 
When  in  this  condition,  lowering  of  temperature  under  constant  pres- 
sure will  reduce  it  to  a  liquid,  and  diminution  of  pressure  at  constant 
temperature  will  reduce  it  to  a  gas;  but  in  neither  case  can  any  breach 
of  continuity  be  detected  in  the  transition. 

On  the  other  hand,  at  temperatures  below  31^  the  substance 
remains  completely  gaseous  until  the  pressure  reaches  a  certain  limit 
depending  on  the  temperature,  and  any  pressure  exceeding  this  limit 

^  Ann.  de  Chim.  III.  Ivi. 
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causes  lique£Eu;tion  to  commence  and  to  continue  till  the  whole  of  the 
gas  is  liquefied,  the  boundary  between  the  liquefied  and  unliquefied 
portions  being  always  sharply  defined. 

The  temperature  SrC,  or  more  exactly  80-92*' 0.  (87*7** F.),  may 
therefore  be  called  the  critical  temperature  for  carbonic  acid;  and  it 
is  probable  that  every  other  substance,  whether  usually  occumng  in 
the  gaseous  or  in  the  liquid  form,  has  in  like  manner  its  own  critical 
temperature.  Dr.  Andrews  found  that  nitrous  oxide,  hydrochloric 
acid,  ammonia,  sulphuric  ether,  and  sulphuret  of  carbon,  all  exhibited 
critical  temperatures,  which,  in  the  case  of  some  of  these  substances, 
were  above  100*^0. 

It  is  probable  that,  in  the  experiments  of  Cagniafd  de  la  Tour  and 
Drion,  the  so-called  total  conversion  into  vapour  was  really  conver- 
sion into  the  intermediate  condition. 

The  continuous  conversion  of  a  gas  into  a  liquid  may  be  efiected 
by  fii^t  compressing  it  at  a  temperature  above  its  critical  tempera- 
ture, until  it  is  reduced  to  the  volume  which  it  will  occupy  when 
liquefied,  and  then  cooling  it  below  the  critical  point. 

The  continuous  conversion  of  a  liquid  into  a  gas  may  be  obtained 
by  first  raising  it  above  the  critical  temperature  while  kept  under 
pressure  sufficient  to  prevent  ebullition,  and  afterwards  allowing  it 
to  expand 

When  a  substance  is  a  little  above  its  critical  temperature,  and 
occupies  a  volume  which  would,  at  a  lower  temperature,  be  com- 
patible with  partial  liquefaction,  very  great  changes  of  volume  are 
produced  by  very  slight  changes  of  pressure. 

On  the  other  hand,  when  a  substance  is  at  a  temperature  a  little 
below  its  critical  point,  and  is  partially,  liquefied,  a  slight  increase  of 
temperature  leads  to  a  gradual  obliteration  of  the  surface  of  demarca- 
tion between  the  liquid  and  the  gas;  and  when  the  whole  has  thus 
been  reduced  to  a  homogeneous  fluid,  it  can  be  made  to  exhibit  an 
appearance  of  moving  or  flickering  striae  throughout  its  entire  mass 
by  slightly  lowering  the  temperature,  or  suddenly  diminishing  the 
pressure. 

The  apparatus  employed  in  these  remarkable  experiments,  which 
are  described  in  the  Bakerian  Lecture  {Phil,  Trans,  1 869),  is  shown 
in  Fig.  237a,  where  co  are  two  capillary  glass  tubes  of  great  strength, 
one  of  them  containing  the  carbonic  acid  or  other  gas  to  be  experi- 
mented CD,  the  other  containing  air  to  serve  as  a  manometer.  These 
are  connected  with  strong  copper  tubes  dd,  of  larger  diameter,  con- 
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taining  water,  and  communicating  with  each  other  through  a 6,  the 
water  being  separated  from  the  gases  by  a  column  of  mercury  oc- 
cupying the  lower  portion  of  each 
capillary  tube.  The  steel  screws  88 
are  the  instruments  for  applying 
pressure.  By  screwing  either  of 
them  forward  into  the  water,  the 
contents  of  both  tubes  are  com- 
pressed, and  the  only  use  of  having 
two  is  to  give  a  wider  range  of 
compression.  A  rectangular  brass 
case  (not  shown  in  the  figure),  closed 
before  and  behind  with  plate-glass^ 
surrounds  each  capillary  tube,  and 
allows  it  to  be  maintained  at  any 
required  temperature  by  the  flow 
of  a  stream  of  water. 

247.  Latent  Heat  of  Vaporisatioii. 
Cold  produced  by  Evaporation. — ^The 
passage  from  the  liquid  to  the  gas- 
eous state  is  accompanied  by  the 
disappearance  of  a  large  quantity  of 
heat.  Whenever  a  liquid  evaporates  without  the  application  of  heat^ 
a  depression  of  temperature  occurs.  Thus, 
for  instance,  if  any  portion  of  the  skin  be 
kept  moist  with  alcohol  or  ether,  a  decided 
sensation  of  cold  is  felt  Water  produces 
the  same  effect  in  a  smaller  degree,  be- 
cause it  evaporates  less  rapidly. 

The  heat  which  thus  disappears  in 
virtue  of  the  passage  of  a  liquid  into  the 
gaseous  condition,  is  called  the  latent  heat 
of  vaporization.  Its  amount  varies  ac- 
cording to  the  temperature  at  which  the 
change  is  effected,  and  it  is  exactly  re- 
stored when  the  vapour  returns  to  the 
liquid  form,  provided  that  both  changes 
have  been  effected  at  the  same  tempera- 
ture Its  amount  for  vapour  of  water  at  the  temperature  100''  C. 
is  536^ ;  that  is  to  say,  the  quantity  of  heat  which  disappears  in  the 


Fig.  237  a. — Andrawi*  Apparatus. 
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eyaporation  of  a  pound  of  water  at  this  temperature,  and  which 
reappears  in  the  condensation  of  a  pound  of  steam  at  the  same  tem- 
perature, would  be  sufficient  to  raise  the  temperature  of  536  pounds 
of  water  from  0°  to  1°. 

The  latent  heat  of  vaporization  plays  an  important  part  in  the 
lieatiog  of  buildings  by  steam.      A   pound  of  steam  at  100°,  in 


becoming  reduced  to  water  at  30°,  gives  out  aa  much  heat  as  about 
^  Iba  of  water  at  100°  in  cooling  down  to  the  same  temperature. 

848.  Leslie's  Experiment. — Water  can  be  easily  frozen  by  the  cold 
resulting  from  its  own  evaporation,  as  was  first  shown  by  Leslie  in 
a  celebrated  experiment.     A  small  capsule  (Fig.  238)  of  copper  is 
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taken,  containing  a  little  water,  and  is  placed  above  a  vessel  con- 
taining strong  sulphuric  acid.  The  whole  ia  placed  under  the  receiver 
of  an  air-pump,  which  is  then  exhausted  The  water  evaporates  with 
great  rapidity,  the  vapour  being  absorbed  by  the  sulphuric  acid  as 
fast  as  it  is  formed,  and  ice  soon  begins  to  appear  on  the  suiiiu^ 
The  experiment  is,  however,  rather  difEcult  to  perform  successfully. 
This  arises  from  various  causea 

In  the  fif&t  place,  the  vapour  of  water  which  occupies  the  upper 
part  of  the  receiver  is  only  imperfectly  absorbed ;  and,  in  the  sectmd 
place,  as  the  upper  layer  of  the  acid  becomes  diluted  by  absorbiog 
the  vapour,  its  affinity  for  water  rapidly  diminishes. 

These  obstacles  have  been  removed  by  an  apparatus  invented  by 
M.  Oarr^,  which  enables  us  to  obtain  a  considerable  mass  of  ice  in  a 
few  minutes.  It  consists  (Fig.  289)  of  a  leaden  reservoir  containing 
sulphuric  acid.  At  one  extremity  is  a  vertical  tube,  the  end  of  which 
is  bent  over  and  connected  with  a  flask  containing  water.  The  other 
extremity  of  the  reservoir  communicates  with  an  air-pump,  to  (he 
handle  of  which  is  titted  a  metallic  rod,  which  drives  an  agitator 
immersed  in  the  acid.  By  this  means  the  surface  of  the  acid  is  con- 
tinually renewed,  absorption  takes  place  with  regularity,  and  the  water 
is  rapidly  frozen. 

249.  CryopboruB. — Wollaston's  cryophorue  (Fig.  240}  consists  of  a 
bent  tube  with  a  bulb  at  each  end.     It  is  partly  filled  with  water, 

^ ^  and    hermetically   sealed    while    the 

liquid  is  in  ebullition,  thus  expelling 
the  air. 

When  an  experiment  is  to  be  made, 
all  the  liquid  is  passed  into  the  bulb 
B,  and  the  bulb  A  is  plunged  into  a 
freezing  mixture,  or  into  pounded  ice. 
The  cold  condenses  the  vapour  in  A, 
and  thus  produces  rapid  evaporation 
of  the  water  in  B.     In  a  short  time 
needles  of  ice  appear  on  the  surface  of 
the  liquid. 
250.  Preerinff  of  Water  by  the  Eva- 
Fig.  iM  -crjopho™.  poration  of  Ether.— Water  is  poure-l 
into  a  glass  tube  dipped  into  ether, 
which  is  contained  in  a  glass  vessel  for  the  purpose  (Fig.  24lf.    By 
means  of  a  pair  of  bellows  a  current  of  air  is  made  to  pass  tbroogb 
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the  etber;  evaporation  is  quickly  produced,  and  at  the  end  of  a  few 
miuutcB  the  water  in  the  tube  is  frozen. 


If,  instead  of  promoting  evaporation  of  the  ether  by  means  of  a 
current  of  air,  the  vessel  were  placed  under  the  exhausted  receiver 
of  an  air-pump,  a  much  greater  fall  of  temperature  would  be  ob- 
tained, and  even  mercury  might  easily  be  frozen.  This  experiment, 
ho^vever,  is  injurious  to  the  pump,  owing  to  the  sol- 
vent action  of  the  ether  on  the  oil  with  which  the 
valves  and  other  moving  parts  are  lubricated. 

251.  Tieeaag  of  Heronry  by  means  of  Sulphurous 
Acid. — Mercury  may  be  frozen  by  means  of  liquid 
sulpharous  acid,  which  is  much  more  volatile  than 
ether.  In  order  to  escape  the  suSbcating  action  of  the 
gas,  the  experiment  is  performed  in  the  following 


Into  a  glass  vessel  fFig,  242)  are  poured  successively    pnetingofMncoij 
mercury  and  liquid  sulphurous  acid.     Ihe  vessel  is       suiphunm  Anbi 
closed  by  an  india-rubber  stopper,  in  which  two  gloss 
tabea  are  fitted.     One  of  these  dips  to  the  bottom  of  the  sulphur- 
ous acid,  and  is  connected  at  its  outer  end  with  a  bladder  full  of 
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air.  Air  is  passed  through  the  liquid  by  compressing  the  bladder, 
and  escapes,  charged  with  vapour,  through  the  secood  opening, 
which  is  fitted  with  an  india-rubber  tube  leading  to  the  open  air. 
Evaporation  proceeds  with  great  rapidity,  and  the  mercury  soon 
freezes. 

258.  Carrd's  Apparatas, — The  apparatus  invented  some  years  ago 
by  M.  Carr^  for  making  ice  is  another  iustance  of  the  application  of 
cold  produced  by  evaporation.  It  consists'  (Figs.  243  and  244)  of  two 
parts,  a  boiler  and  a  cooler.  The  boiler  is  of  wrought  iron,  and  is  so 
constructed  Ba  to  give  a  very  large  heating  surface.     It  is  three- 


Fig.  343.  CuT^'I  Apinntua.  Fig,  344. 

quarters  filled  with  a  saturated  solution  of  ammonia,  which  contains 
from  six  to  seven  hundred  times  its  volume  of  gas.  The  cooler  ia  of 
an  annular  form,  and  in  the  central  space  is  placed  a  vessel  contain- 
ing the  water  to  be  frozen.  In  the  sides  of  the  cooler  are  a  number 
of  small  cells,  the  object  of  which  is  to  increase  the  surface  of  con- 
tact of  the  metal  with  the  liquid. 

In  the  first  part  of  the  experiment,  which  ie  represented  in  the 
figure,  the  boiler  is  placed  upon  a  fire,  and  the  temperature  raised  to 
1 30°,  while  the  cooler  is  surrounded  with  cold  water.  Ammoniaca! 
gas  in  given  oS",  passes  into  the  cooler  by  the  valve  a'  opening  up- 
wards, and  is  condensed  in  the  numerous  cells  above  mentioned. 
This  first  part  of  the  operation,  in  the  small  machines  for  domestic 
use,  occupies  about  three-quarters  of  an  hour.  In  the  second  part  of 
the  operation,  the  cylindrical  vessel  containing  the  water  to  be  frozen 
is  placed  in  the  central  space ;  the  cooler  is  surrounded  with  an  envelope 
of  felt,  which  is  a  very  bad  conductor  of  heat,  and  the  boiler  ia  im- 
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ersed  ia  cold  water.  The  water  in  tbe  boiler,  as  it  cools,  is  able 
jain  to  receive  and  dissolve  the  gaa,  which  entera  by  the  valve  «  of 
le  bent  siphon-shaped  tuba  Tbe  liquid  ammonia  in  the  cooler 
xjordingly  evaporates  with  great  rapidity,  producing  a  fall  of  tem- 
irature  which  freezes  the  water  in  the  inclosed  vessel 

263.  Bolidification  of  Carbonic  Acid. — When  a  small  orifice  is  opened 
1  a  vessel  containing  liquid  carbonic  acid,  evaporation  proceeds  so 
ipidly  that  the  cold  resulting  from  it  freezes  a  portion  of  the  vapour, 
hich  takes  the  form  of  fine  snow,  and  may  be  collected  in  consider- 
ile  quantity. 

This  carbonic  acid  snow,  which  was  first  obtained  by  Thilorier,  is 
sadily  dissolved  by  ether,  and  forms  with  it  one  of  the  most  intense 
eezing  mixtures  known.  By  immersing  tubes  containing  liquefied 
iBes  in  thb  mixture,  Faraday  succeeded  in  reducing  several  of  them, 
icluding  carbonic  acid,  cyanogen,  and  nitrous  oxide,  to  the  form  of 
ear  transparent  ice,  the  fall  of  temperature  being  aided,  in  some 
r  his  experiments,  by  employing  an  air-pump  to  promote  more  rapid 
i^aporatioQ  of  carbonic  acid  from  the  mixture.  By  the  latter  pro- 
as be  was  enabled  to  obtain  a  temperature  of  —  16C°F.  (— llO'C.) 
i  indicated  by  an  alcohol  thermometer,  the  alcohol  itself  being  re- 
uced  to  the  consistence  of  oil  Despretz,  by  mean's  of  the  cold 
rodaced  by  a  mixture  of  solid  carbonic  acid,  liquid  nitrous  oxide, 
ad  ether,  rendered  alcohol  so  viscid  that  it  did  not  run  out  when 
le  vessel  which  contained  it  was  inverted. 
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254,  Eballition. — When  a  liquid  contained  in  an  open  vessel  is  sub- 
jected to  a  continual  increase  of  temperature,  it  is  gradually  changed 
into  vapour,  which  is  dissipated  in  the  surroonding  atmosphere. 
This  action  is  at  first  confined  to  the  surface;  but  after  a  certain  time 
-,  bubbles  of  vapour  are  formed  in  the  inte- 

f'^-^,''-  rior  of  the  liquid,  which  rise  to  the  top, 

!,  '  '_'^\  and  eet   the  entire  mass  in  motion  with 

~  more  or  less  vehemence,  accompanied  by  a 

characteristic  noise ;  this  is  what  is  meant 
by  ebullition  or  boiling. 

If  we  observe  the  gi-adual  progress  of 
this  phenomenon, — for  example,  in  a  glass 
vessel  containing  water,  we  shall  perceive 
that,  after  a  certain  time,  very  minute 
bubbles  are  given  ofi*;  these  are  bubbles 
of  dissolved  air.  Soon  after,  at  the  bottom 
of  the  vessel,  and  at  those  parts  of  the  sides 
which  are  most  immediately  exposed  to 
the  action  of  the  fire,  larger  bubbles  of 
vapour  are  formed,  which  decrease  in  vol- 
ume as  they  ascend,  and  disappear  before 
Fig  2u  -Ebiiiuti™  reaching  the  surface.    This  stage  is  accom- 

panied by  a  peculiar  sound,  indicative  of 
approaching  ebullition,  and  the  liquid  is  said  to  be  singing.  The 
sound  is  probably  caused  by  the  collapsing  of  the  bubbles  as  they  are 
condensed  by  the  colder  water  through  which  they  pass.  Finally, 
the  bubbles  increase  in  number,  growing  larger  as  they  ascend,  until 
they  burst  at  the  surface,  which  is  thus  kept  in  a  state  of  agitation; 
the  liquid  is  then  said  to  boil. 
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S55.  Laws  of  Ebullition. — 1.  At  the  ordiruiry  pressicre,  ebullition 
commencea  at  a  temperature  which  (roughly  speaJdng)  is  definite  for 
each  liquid. 

This  law  is  analogous  to  that  of  fusion*  (§  225).  It  follows  firoxn 
this  that  the  boiling-point  of  any  liquid  is  a  specific  element,  serving 
to  determine  its  nature. 

The  following  table  gives  the  boiling-points  of  several  liquids  at 
the  pressure  of  760  millimetres : — 

Sulphnroofl  acid, -10°C.  Spirits  of  turpentine,      .     .     .+180*^  G. 

Hydrochloric  ether +  11°  Phosphonu, 290"* 

Common  ether, 87°  Concentrated  sulphuric  acid,  .     325° 

Alcohol, 79°  Mercury, 868* 

Distilled  water, 100*  Sulphur, 440° 

2.  The  temperature,  in  ordin/iry  circumstances,  remains  constant 
during  ebullitioiii.  If  a  thermometer  be  introduced  into  the  glass 
vessel  of  Fig.  245,  the  temperature  will  be  observed  to  rise  gradually 
during  the  diiferent  stages  preceding  ebullition;  but,  when  active 
ebullition  has  once  commenced,  no  further  variation  of  temperature 
will  be  observed.  This  phenomenon  points  to  the  same  conclusion 
as  the  cold  produced  by  evaporation. 

Since,  notwithstanding  the  continuous  action  of  the  fire,  the 
temperature  remains  constant,  the  conclusion  is  inevitable,  that  all 
the  heat  produced  is  employed  in  doing  the  work  necessary  to  change 
the  liquid  into  vapour.  The  constancy  of  temperature  during  ebulli- 
tion explains  the  fact  that  vessels  of  pewter,  tin,  or  any  other  easily 
fusible  metal,  may  be  safely  exposed  to  the  action  of  even  a  very  hot 
fire,  provided  that  they  contain  water,  since  the  liquid  remains  at  a 
temperature  of  about  100^  and  its  contact  prevents  the  vessel  from 
over-heating. 

3.  The  elastic  force  of  the  vapour  given  off  during  ebullition  is 
equal  to  the  pressure  of  the  eoctevTial  air. 

This  important  proposition  may  be  experimentally  demonstrated 
in  the  following  manner: — 

We  take  a  bent  tube  A,  open  at  the  longer  extremity,  and  closed 
at  the  shorter.  The  short  branch  is  filled  with  mercury,  all  but  a 
small  space  containing  water;  in  the  long  branch  the  mercury  stands 
a  little  higher  than  the  bend.  Water  is  now  boiled  in  a  glass  vessel, 
and,  during  ebullition,  the  bent  tube  is  plunged  into  the  steam. 
The  water  occupying  the  upper  part  of  the  short  branch  is  partially 
converted  into  steam,  the  mercury  falls,  and  it  assumes  the  same 


level  in  both  branches.     Thus  the  pressure  exerted  by  the  atmosphere 

at  the  open  extremitj'  of  the  tube  is  exactly  equal  to  that  exerted  by 

the  vapour  formed  by  water  ia 

.]  ij  ebullition. 

i  I  296.   Theory   of   EbolUtiOfl.— 

||    .  I  This  latter  circumstance  supplies 

the   true   physical   definition  of 

ebullitiou.    A  liquid  is  in  dmUi- 

tion  when  it  gives  off  vapour  of 

the  same  tension  as  the  aimo- 

spkere  above  ii. 

The  necessity  of  this  equality 
of  tension  is  easily  explained.  If 
a  bubble  of  vapour  exista  in  the 
inteiior  of  a  liquid  as  at  7n  (Fig. 
247),  it  is  subject  to  a  pressure 
exceeding  atmospheric  by  the 
weight  of  the  liquid  above  it.  As 
the  bubble  rises,  the  latter  ele- 
ment of  pressure  becomes  leea, 
and  the  tension  of  the  vapour 
Fig,  Me,— Tmiion  of  v«pour  dnring  Ktniiition.  composiog  the  bubble  accordingly 
diminisbes,  uotil  it  is  reduced  to 
atmospheric  pressure  on  reaching  the  Burface. 

The  boiling-point  of  a  liquid  is  therefore  necessarily  fixed,  since  it 
is  the  temperature  at  which  the  tension  of  the  vapour  at  saturation 
is  equal  to  that  of  the  atmosphera  It  must  be  remarked,  however, 
that  this  temperature  varies  in  the  difi'erent  layers  of  the  liquid,  and 
that  it  increases  with  the  depth  below  the  surface.  Accordingly,  in 
determining  the  second  fixed  point  of  the  thermometer,  we  have 
stated  that  the  instrument  should  be  plunged  into  the 
steam,  and  not  into  the  water. 

267.  Effect  of  Pressure  upon  the  Boiling-point— It 
evidently  follows  from  the  foregoing  considerations  that 
the  boiling-poiut  of  a  liquid  must  vary  with  the  pres- 
sure on  the  surface ;  and  experiment  shows  that  this 
Fii,  S47.  is  the  case.     Water,  for  instance,  boils  at  100°  under 

the  external  pressure  of  760  millimetres;  but  if  the 
pressure  decreases,  ebullition  occurs  at  a  lower  temperature.  Under 
the  receiver  of  an  air-pump,  water  may  be  made  to  boil  at  any  tem- 
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peratnra  between  0°  and  100°.  In  Carry's  apparatus  (Fig.  239)  the 
water  in  the  glass  bottle  is  obBerved  to  enter  into  active  ebullition  a 
few  moments  before  tbe  appearance  of  the  ice.  The  reason,  therefore, 
why  boiling  water  baa  come  to  be  associated  in  our  minds  with  a 
fixed  temperature  is  that  the  variations  of  atmospheric  pressure  are 
comparativelj  small 

At  Paris,  for  instance,  the  external  pressure  varies  between  720 
and  790  millimetres  (28'3  and  31-1  inches),  and  the  boiling-point, 
in  consequence,  varies  from  SSJS"  to  101-1°, 

258.  TranUin's  Experiment. — ^Tbe  boiling  of  water  at  a  temperature 
lower  than  100°  may  be  shown  by  the  following  experiment: — 

A  little  water  is  boiled  in  a  flask  for  a  eufficieut  time  to  expel  most 
of  the  air  contained  in  it.  The 
flask  is  then  removed  from  the 
source  of  heat,  and  is  at  the 
same  time  securely  corked.  To 
render  the  exclusion  of  air  still 
more  certain,  it  may  be  inverted 
with  the  corked  end  immersed 
in  water  which  has  been  boiled. 
Ebullition  ceases  almost  imme- 
diately; but  if  cold  water  be 
now  poured  over  the  vessel,  or, 
better  still,  if  ice  be  applied  to 
it,  the  liquid  again  begins  to 
boil,  and  continues  to  do  so  for 
a  considerable  time.  This  fact 
may  easily  be  explained:  the 

contact  of  the  cold  water  or        ^^"•a.-.ur.  •-""■ 

the  ice  lowers  the  temperature  R(.  us.— FnnUiti')  Kxparimmt. 

and  tension  of  the  steam  which 

presses  upon  the  surface  of  the  liquid,  and  the  decrease  of  tension 
causes  tbe  renewal  of  ebullition. 

260.  Determination  of  Heights  by  BoUiny-point.— Just  as  we  can 
determine  the  boiling-point  of  water  when  the  external  pressure  is 
given,  so,  if  the  boiling-point  be  known,  we  can  determine  the  ex- 
ternal pressure.  In  either  case  we  have  simply  to  refer  to  a  table  of 
raaximum  tensions  of  aqueous  vapour  at  different  temperaturea 

As  the  barometer  is  essentially  unsuitable  for  portability,  Wollaston 
proposed  to  substitute  the  observation  of  boiling-points  as  a  means 
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of  determining  presaurea  For  this  purpose  he  employed  a  thermo- 
meter with  a  large  bulb  and  with  a  scale  extending  only  a  few  de- 
grees above  and  below  100°.  He  called  this  instrument  the  barome- 
tric thermometer. 

Regnault  has  constFucted  a  small  instrument  for  the  same  purpose, 
which  he  calls  the  hypeoTneter.  It  consists  of  a  little  boiler  heated 
by  a  spirit-lamp,  and  terminating  in  a  tele- 
scope tube  with  an  opening  at  the  side 
through  which  the  steam  escapes  A  ther- 
mometer dips  into  the  steam,  and  projecte 
through  the  top  of  the  tube  so  as  to  allow 
the  temperature  of  ebullition  to  be  read. 

This  temperature  at  once  gives  the  atmo- 
spheric pressure  by  reference  to  a  table  of 
vapour- tension  a,  and  the  subsequent  com- 
putations for  determining  the  height  are  the 
same  as  when  the  barometer  is  employed 
(§  112). 

When  only  an  approximate  result  is  de- 
sired, it  may  be  assumed  that  the  height 
above  sea-level  is  sensibly  proportional  to 
the  difference  between  the  observed  boiling- 
point  and  lOO"  C,  and  Soret's  fonnula*  may 
be  employed,  viz. : 

&>=  295(100-0. 
where  h  is  expressed  in  metres  and  t  in 
degrees  CentigrajJe. 
Fig.  i«).-H7p«aHtCT.  Thtis,  at  Quito,  where  the  boiling-point 

of  water  is  about  flOl'.the  height  above  sea- 
level  would  be  9'9  x  295=2920  metres,  which  agrees  nearly  with  the 
true  height  2808  metres. 

At  Madrid,  at  the  mean  pressure,  the  boiling-point  is  97  8°,  which 
gives  2'2x295=:619  metres;  the  actual  height  being  610  metrea 

261.  Papin'a  Digester. — While  a  decrease  of  pressure  lowera  the 
boiling-point,  an  increase  of  pressure  raises  it.  Accordingly,  by  put^ 
ting  the  boiler  in  communication  with  a  reservoir  containing  air  at 
the  pressure  of  several  atmospheres,  we  can  raise  the  boiling-point  to 
110°,  115°,  or  120°;  a  result  often  of  great  utility  in  the  arts.  But  in 
'  If  A  be  eiprcuad  in  feet,  and  t  in  degrees  Falueuheit,  tbe  Eonnula  becomea 
A  =  538  (212-(). 
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order  that  the  liquid  may  actually  enter  into  ehullition,  the  space 
above  the  liquid  must  he  sufficiently  large  and  cool  to  allow  of  the 
condensation  of  the  steam.  In  a  cooBned  vessel,  water  may  he  raised 
to  a  higher  temperature  than  would  be  possible  in  the  open  air,  hot 
it  will  not  boil.  This  is  the  case  in  the  apparatus  invented  by  the 
celebrated  Fapin,  and  called  afber  him  Papin's  digester.  It  is  a 
bronze  vessel  of  great  strength,  covered  with  a  lid  secured  by  a 
powerful  screw.  It  is  employed  for  raising  water  to  very  high  tem- 
peratures, and  thus  obtaining  effects  which  would  not  be  possible  with 
water  at  100°,  such  for  example  as  dissolving  the  gelatine  contained 
in  bones. 

It  is  to  be  observed  that  the  tension  of  the  steam  increases  rapidly 
with  the  temperature,  and  may  finally  acquire  an  enormous  power. 
Thus,  at  200°,  the  pressure  is  that  of  16  atmosphei'es,  that  is  about 
iW  pounds  on  the  square  inch,  _ 

In  order  to  obviate  the  risk  of 
explosion,  Papin  introduced  a 
device  for  preventing  the  pres- 
sure from  exceeding  a  definite 
limit  This  invention  has  since  , 
been  applied  to  the  boilers  of 
steam-engines,  and  is  well 
known  as  the  eafety-valve.  It 
consists  of  an  opening,  closed 
by  a  conical  valve  or  stopper, 
which  is  pressed  down  by  a 
Jever  loaded  with  a  weight. 
Suppose  the  area  of  the  lower 
end  of  the  stopper  to  be  1 
square  inch,  and  that  the  pres- 
sure is  not  to  exceed  10  atmo- 
spheres, corresponding  to  a  Hg,  iai.-Puptn'i  nig«t«. 
temperature    of    180°.      The 

magnitude  and  position  of  the  weight  are  so  arranged  that  the  pres- 
sure on  the  hole  is  10  times  15  pounds.  If  the  tension  of  the  steam 
exceed  10  atmospheres,  the  lever  will  be  raised,  the  steam  will  escape, 
and  the  pressure  will  thus  be  relieved. 

When  the  tension  of  the  steam  contained  in  the  digester  has  be- 
come considerable,  if  the  lever  be  raised,  so  as  to  permit  some  steam 
to  escape,  it  rushes  out  with  a  loud  noise,  and  produces  a  cloud  in 


840  EBULLITION. 

the  air.  On  placing  the  hand  in  this  cloud,  scarcely  any  sensation 
of  heat  is  experienced,  whereas,  on  performing  the  same  experiment 
with  steam  at  the  ordinary  pressure,  the  hand  would  certainly  be 
scalded.  This  apparently  paradoxical  result  is  completely  in  accord- 
ance with  the  principles  which  have  already  been  stated  more  than 
once.  The  steam  formed  at  100*",  being  at  atmospheric  pressure,  pre- 
serves its  pressure  and  temperature  on  issuing  into  the  air.  On  the 
other  hand,  the  steam  generated  in  Papin's  digester  has  a  pressure 
greatly  exceeding  that  of  the  atmosphere,  and  accordingly  expands 
rapidly  upon  its  exit,  and  thus  performs  work  in  forcing  back  the 
external  air.  The  performance  of  this  work  is  accompanied  by  the 
lass  of  an  equivalent  quantity  of  heat,  and  the  temperature  of  the 
jet  is  consequently  considerably  lowered. 

262.  Boiling-point  of  Saline  Solations. — When  water  holds  saline 
matters  in  solution,  the  boiling-point  rises  as  the  proportion  of  saline 
matter  in  the  water  increases.  Thus  with  sea-salt  the  boiling-point 
can  be  raised  from  100*  to  108*. 

When  the  solution  is  not  saturated,  the  boiling-point  is  not  fixed, 
but  rises  gradually  as  the  mixture  becomes  concentrated;  but  at  a 
certain  stage  the  salt  begins  to  be  precipitated,  and  the  temperature 
then  remains  invariable.  This  is  to  be  considered  the  normal  boiling- 
point  of  the  saturated  solution.  Supersaturation,  however,  sometimes 
occurs,  the  temperature  gradually  rising  above  the  normal  boiling- 
point  without  any  deposition  of  the  salt,  until  all  at  once  precipita- 
tion begins,  and  the  thermometer  falls  several  d^eea 

The  steam  emitted  by  saline  solutions  consists  of  pure  water,  and 
it  is  frequently  asserted  to  have  the  same  temperature  as  the  steam 
of  pure  water  boiling  under  the  same  pressure;  but  the  experiments 
of  Magnus  and  others  have  shown  that  this  is  not  the  case,  Magnus, 
for  example,^  found  that  when  a  solution  of  chloride  of  calcium  was 
boiling  at  107^,  a  thermometer  in  the  steam  indicated  105^*,  and 
when  by  concentration  the  boiling-point  had  risen  to  116*,  the  ther- 
mometer in  the  steam  indicated  111*2*. 

The&e  and  other  observations  seem  to  indicate  that  the  steam 
emitted  by  a  saline  solution  when  boiling,  is  in  the  condition  in  which 
the  steam  of  pure  boiling  water  would  be,  if  heated,  under  atmo- 
spheric pressure,  to  the  temperature  of  the  boiling  solution.  It  can 
therefore  be  cooled  down  to  the  boiling-point  of  pure  water  without 
undergoing  any  liquefaction.     When  cooled  to  this  point,  it  becomes 

'  Pogg«ndorff*8  Annalen,  cxn.  p.  415. 
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saturated,  and  precisely  resembles  the  steam  of  pure  water  boiling 
under  the  same  pressure.  When  saturated  steam  loses  heat,  it  does 
not  cool,  but  undergoes  partial  liquefaction,  and  it  does  not  become 
completely  liquefied  till  it  has  lost  as  much  heat  as  would  have  cooled 
more  than  a  thousand  times  its  weighty  of  superheated^  steam  one 
degree  Centigrada 

262  a.  Boiling-point  of  Liquid  Mixtures. — A  mixture  of  two  liquids 
which  have  an  attraction  for  each  other,  and  will  dissolve  each  oth^r 
freely  in  all  proportions — for  example,  water  and  alcohol — has  a  boil- 
ing-point intermediate  between  those  of  its  constituents.  But  a 
mechanical  mixture  of  two  liquids  between  which  no  solvent  action 
takes  place — ^for  example,  water  and  sulphide  of  carbon — has  a  boiling- 
point  lower  than  either  of  its  constituents.  If  steam  of  water  is 
passed  into  liquid  sulphide  of  carbon,  or  if  sulphide  of  carbon  vapour 
is  passed  into  water,  a  mixture  is  obtained  which  boils  at  426** C, 
being  four  degrees  lower  than  the  boiling-point  of  sulphide  of  carbon 
alona  This  apparent  anomaly  is  a  direct  consequence  of  the  laws  of 
vapours  stated  in  §  244 ;  for  the  boiling-point  of  such  a  mixture  is  the 
temperature  at  which  the  sum  of  the  vapour-tensions  of  the  two 
independent  ingredients  is  equal  to  one  atmosphere. 

263.  Influence  of  Dissolved  Air  upon  the  Boiling-point. — ^The 
presence  of  air  in  the  midst  of  the  liquid  mass  is  a  necessary 
condition  of  regularity  of  ebullition,  and  of  its  production  at  the 
normal  temperature;  this  is  shown  by  several  convincing  experi- 
ments. 

1.  Donny's  ExpeHTnent — We  take  a  glass  tube  bent  twice,  and 
terminated  at  one  of  its  extremities  by  a  series  of  bulbs.  The  first 
step  is  to  wash  it  carefully  with  alcohol  and  ether,  finally  leaving  in 
it  some  diluted  sulphuric  aoid.  These  operations  are  for  the  purpose 
of  removing  the  solid  particles  adhering  to  the  sides,  which  always 
detain  portions  of  air.  Water  is  then  introduced  and  boiled  long 
enough  to  expel  the  air  dissolved  in  it,  and  while  ebullition  is  pro- 
ceeding, the  end  of  the  apparatus  is  hermetically  sealed.  The  other 
extremity  is  now  plunged  in  a  strong  solution  of  chloride  of  calcium, 
which  has  a  very  high  boiling-point,  and  the  tube  is  so  placed  that 
all  the  water  shall  lie  in  this  extremity ;  it  will  then  be  found  that 
the  temperature  may  be  raised  to  135*  without  producing  ebullition. 

*  That  ia  Bteam  heated  above  the  temperature  of  saturation.  PhilosophicaUj  speaking, 
superheated  steam  is  merely  nonsaturated  steam;  but  the  name  is  never  used  except  where 
the  temperature  exceeds  the  atmospheric  boiling-point. 
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At  about  this  temperature  bubbles  of  ateam  are  fieen  to  be  formed, 
and  the  entire  liquid  mass  is  thrown  forward  with  great  violence 
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The  bulbs  at  the  ead  of  the  tube  are  intended  to  diminish  the  shock 
thus  produced. 

2.  Dufour's  ExperiTnent. — This  experiment  ia  still  more  decisivt 
A  mixture  of  linseed-oil  and  oil  of  cloves,  whose  respective  densities 
are  about  93  and  1  01 ,  is  so  prepared  that,  for  temperatures  near  1 00°, 
the  density  of  the  whole  is  nearly  that  of  water.  This  mixture  is 
placed  in  a  cubical  box  of  sheet-iron,  with  two  holes  opposite  each 
other,  which  are  filled  with  glass,  so  as  to  enable  the  observer  to 
perceive  what  is  passing  within.  The  box  is  placed  in  a  metallic 
envelope,  which  permits  of  its  being  heated  laterally.  When  the 
temperature  of  120°  has  been  reached,  a  large  drop  of  water  is  allowed 
to  fall  into  the  mixture,  which,  on  reaching  the  bottom  of  the  bos, 
is  partially  converted  into  vapour,  and  breaks  up  into  a  number  of 
smaller  drops,  some  of  which  take  up  a  position  between  the  two 
windows,  so  as  to  be  visible  to  the  observer.  The  temperature  may 
now  be  raised  to  140°,  150°,  or  even  180°,  without  producing  evaporsr 
tion  of  any  of  these  drops.  Now  the  maximum  tension  of  steam  at 
180°  is  equal  to  10  atmospheres,  and  yet  we  have  the  remarkable 
phenomenon  of  a  drop  of  water  remaining  liquid  at  this  temperature 
under  no  other  pressure  than  that  of  the  external  air  increased  by  an 
inch  or  two  of  oil.  The  reason  is  that  the  air  necessary  to  evapora- 
tion is  not  supplied.  If  the  drops  be  touched  with  a  rod  of  metal, 
or,  better  stiU,  of  wood,  they  are  immediately  converted  into  vapour 
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with  great  violence,  accompanied  by  a  peculiar  noise.  This  is 
explained  by  the  fact  that  the  rods  used  always  carry  a  certain 
quantity  of  condensed  air  upon  their  surface,  and  by  means  of  this 
air  the  evaporation  is  produced.  The  truth  of  this  explanation  is 
proved  by  the  fact,  that  when  the  rods  have  been  used  a  certain 
number  of  times,  they  lose  their  power  of  provoking  ebullition,  owing, 
DO  doubt,  to  the  exhaustio4  of  the  air  which  was  adhering  to  their 
sarfacea 

*3.  Production  of  Ebullition  by  the  formjoiion  of  Bubbles  of  Gas 
in  the  midat  of  a  Liquid. — A  retort  is  carefully  washed  with 
sulphuric  add,  and  then  charged  with  water  slightly  acidulated,  from 
which  the  air  has  been  expelled  by  repeated  boiling.  The  retort 
communicates  with  a  manometer  and  with  an  air- pump.  The  air  is 
exhausted  until  a  pressure  of  only  150  millimetres  is  attained,  corre- 
sponding to  60^  as  boiling-point  Dufour  haa  shown  that  under 
these  conditions  the  temperature  may  be  gradually  raised  to  75*" 
without  producing  ebullition.  But  if,  while  things  are  in  this  con- 
dition, a  current  of  electricity  is  sent  through  the  liquid  by  means  of 
two  platinum  wires  previously  immersed  in  it,  the  bubbles  of  oxygen 
and  hydrogen  which  are  evolved  at  the  wires  immediately  produce 
violent  ebullition,  and  a  portion  of  the  liquid  is  projected  explosively, 
aa  in  Donny's  experiment 

From  these  experiments  we  may  conclude  that  liquid,  when  not 
in  contact  with  gas,  has  a  difficidty  in  Tnaking  a  beginning  of  vapor- 
ization, and  may  hence  remain  in  the  liquid  state  even  at  tempera- 
tures at  which  vaporization  would  upon  the  whole  involve  a  fall  of 
potential  energy. 

That  vapour  (as  well  as  air)  can  furnish  the  means  of  overcoming 
this  difficulty,  is  established  by  the  faict  noted  by  Professor  G.  C. 
Foster,^  that  when  a  liquid  has  been  boiling  for  some  time  in  a  retort, 
it  sometimes  ceases  to  exhibit  the  movements  characteristic  of  ebulli- 
tion, although  the  amount  of  vapour  evolved  at  the  surface,  as  mea- 
sured by  the  amount  of  liquid  condensed  in  the  receiver,  continues 
undiminished.  In  these  circumstances,  it  would  appear  that  the 
superficial  layer  of  liquid,  which  is  in  contact  with  its  own  vapour, 
is  the  only  part  that  is  free  to  vaporize. 

The  preceding  remarks  explain  the  reluctance  of  water  to  boil  in 
glass  vessels  carefully  washed,  and  the  peculiar  formation,  in  these 
circumstances,  of  large  bubbles  of  steam,  causing  what  is  called  boil- 

*  Watts'B  Dictionary  of  Chtmiatry,  art.  "Heat,"  p.  88. 


344  EBULLITION. 

irig  by  bumping.     In  the  case  of  sulphuric  acid,  the  phenomenoo  is 
much  more  marked;  if  this  liquid  be  boiled  in  a  glass  vessel,  eoormous 
•  bubbles  are  formed  at  the  sidee,  which,  oo  account  of  the  viscous 
nature  of  the  liquid,  raise 
the  mass  of  the  liquid 
above  them,  and  then  let 
it   fall   back  with  such 
violence  as  sometimes  to 
break  the  vessel     This 
inconvenience    may    be 
Fif.  m-AnH«-tM  tor  boiuiu  sdphniio  AM.  avoidcd  by  using  an  an- 

nular brazier  (Fig.  253), 
by  means  of  which  the  upper  part  only  of  the  liquid  is  heated. 

The  ebullition  of  ether  and  alcohol  presents  some  simitar  features, 
probably  because  these  liquids  dissolve  the  fatty  particles  on  the 
surface  of  the  glass,  and  thus  adhere  to  the  aides  very  strongly. 

264,  Spheroidal  Btate. — This  is  the  name  given  to  a  peculiar  con- 
dition which  is  assumed  by  liquids  when  exposed  to  the  action  of 
very  hot  metals. 

If  we  take  a  smooth  plate  of  iron  or  silver,  and  let  fall  a  drop  of 
water  upon  it,  the  drop  will  evaporate  more  rapidly  as  the  tempera- 
ture of  the  plate  is  increased  up 
to  a  certain  poinL  When  the 
temperature  of  the  plate  exceeds 
this  limit,  which,  for  water,  ap- 
pears to  be  about  1 50°,  the  drop 
assumes  a  spheroidal  form,  rolls 
about  like  a  ball  or  spins  on  its 
axis,  and  frequently  exhibits  a 
beautiful  rippling,  as  represented 
in  the  figure.  While  in  this  con- 
dition, it  evaporates  much  more 
slowly  than  when  the  plate  was 
at  a  lower  temperature.  This 
Fif.  iH.— aiobnis  Id  ths  Bphimidia  suto.  latter  circumstance  is  important, 

and  is  easily  verified  by  experi- 
ment. If  the  plate  be  allowed  to  cool,  a  moment  arrives  when  the 
globule  of  water  flattens  out,  and  boils  rapidly  away  with  a  hissing 
noise. 

These  phenomena  have  been  long  known,  and  were  studied  by 
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Leidenfrost  and  Eiaproth;  but  the  subject  has  recently  been  more 
completely  investigated  by  Boutigny.  All  liquids  are  probiibly  capable 
of  assuming  the  spheroidal  stata  Among  those  which  have  been 
tested  are  alcohol,  ether,  liquid  sulphurous  acid,  and  liquid  nitrous 
oxide.  When  in  this  state  they  do  not  boiL  Sometimes  bubbles  of 
steam  are  seen  to  rise  and  burst  at  the  top  of  the  globule,  but  these 
are  always  owing  to  some  roughness  of  the  surface,  which  prevents 
the  steam  from  escaping  in  any  other  way;  when  the  surface  is  smooth, 
no  bubbles  are  observed. 

If  the  temperature  of  the  liquid  be  measured  by  means  of  a  ther- 
mometer with  a  very  small  bulb,  or  a  thermo-electric  junction,  it  is 
always  found  to  be  below  the  boiling-point 

265.  Freezing  of  Water  and  Mercury  by  means  of  the  Spheroidal 
State. — ^This  latter  property  enables  us  to  obtain  some  very  striking 
and  paradoxical  results.  The  boiling-point  of  liquid  sulphurous  acid 
is— lO'^C,  and  that  of  liquid  nitrous  oxide  is  about —70° C.  If  a 
silver  or  platinum  crucible  be  heated  to  redness  by  a  powerful  lamp, 
and  some  liquid  sulphurous  add  be  then  poured  into  it,  this  latter 
assumes  the  spheroidal  state ;  and  drops  of  water  let  fall  upon  it  are 
immediately  frozen.  Mercury  can  in  like  manner  be  frozen  in  a  red- 
hot  crucible  by  employing  liquid  nitrous  oxide  in  the  spheroidal 
stata 

These  experiments  are  due  to  Boutigny,  who  called  attention  to 
them  as  remarkable  exceptions  to  the  usual  tendency  of  bodies  to 
equilibrium  of  temperature.  The  exception  is  of  the  same  kind  as 
that  presented  by  a  vessel  of  water  boiling  at  a  constant  temperature 
of  100*  over  a  hot  fire,  the  heat  received  by  the  liquid  being  in  both 
cases  expended  in  producing  evaporation. 

266.  The  Metal  not  in  Contact  with  the  Liquid. — ^The  basis  of  the 
entire  theory  of  liquids  in  the  spheroidal  state  is  the  fact  that  the 
liquid  and  the  metal  plate  do  not  come  into  contact  This  fact  can 
be  proved  by  direct  observation. 

The  plate  used  must  be  quite  smooth  and  accurately  levelled. 
When  the  plate  is  heated,  a  little  water  is  poured  upon  it,  and 
assumes  the  spheroidal  stata  By  means  of  a  fine  platinum  wire 
which  passes  into  the  globule,  the  liquid  is  kept  at  the  centre  of  the 
metal  plata  It  is  then  very  easy,  by  placing  a  light  behind  the 
globule,  to  see  distinctly  the  space  between  the  liquid  and  the  plate. 
The  appearance  thus  presented  may  be  easily  thrown  on  a  screen  by 
means  of  the  electric  light 


346  EBULLITION. 

The  intemiptioD  of  contact  can  also  be  proved  by  coQDecting 
(through  a  galvanometer)  one  pole  of  a  battery  with  the  hot  plat^ 
while  a  wire  from  the  other  pole  ia  dipped  in  tbe  liquid.     The  cur- 
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rent  refuses  to  circulate  if  the  liquid  is  in  the  spheroidal  state,  but  is 
immediately  established  when,  on  cooling  the  plate,  the  liquid  begios 
to  boil 

This  separation  is  maintained  by  the  rush  of  steam  from  tbe  under- 
surface  of  the  globule,  which  is  also  the  cause  of  the  peculiar  move- 
ments above  described. 

In  consequence  of  the  separation,  heat  can  only  pass  to  the  globule 
by  radiation,  and  hence  its  comparatively  low  temperature  is  ac- 
counted for. 

The  absence  of  contact  between  a  liquid  and  a  metal  at  a  high 
temperature  may  be  shown  by  several  experiments.  If,  for  instance; 
a  ball  of  platinum  be  heated  to  bright  redness,  and  plunged  (Fig.  256) 
into  water,  the  liquid  is  seen  to  recede  on  all  sides,  leaving  an  envelope 
of  vapour  round  the  ball  This  latter  remains  red  for  several  seconds, 
and  contact  does  not  take  place  tUl  its  temperature  has 
fallen  to  about  151)°.  An  active  ebullition  then  takes 
place,  and  an  abundance  of  steam  is  evolved 

If  drops  of  melted  sugar  be  let  fall  on  water,  they  will 
float  for  a  short  time,  though  their  density  ia  greater 
than  that  of  water  (§  79),  contact  being  prevented  by 
their  high  temperature.     A  similar  phenomenon  is  ob- 
served when  a  fragment  of  potassium  is  thrown  on  water. 
hotBiuf tawl^   The  water  is  decomposed ;  its  hydrogen  takes  fire  and 
burns  with  a  red  flame ;  its  oxygen  combines  with  the 
potassium  to  form  potash ;  and  the  globule  of  potash  floats  npon  the 
surface  without  touching  it,  owing  to  the  high  temperature  under 
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which  it  ia  formed.  After  a  fev  seconds  the  globule  cools  sufficiently 
to  come  into  contact  with  tho  water,  and  bursts  with  a  slight  noise 

267.  Distillation. — Distillation  consists  in  boiling  a  liquid  and 
condensing  the  vapour  evolved.  It  enables  us  to  separate  a  liquid 
htrni  the  solid  matter  dissolved  in  it,  and  to  effect  a  partial  separa- 
tion of  the  more  volatile  constituent  of  a  mixture  from  the  less 
velafile. 

The  apparatus  employed  for  this  purpose  is  called  a  stilL  One  of 
the  simpler  forms,  suitable  for  distilling  water,  is  shown  in  Fig.  257. 

It  consists  of  a  retort  a,  the  neck  of  which  c  communicates  with  a 


spiral  tube  dd  called  the  worm,  placed  in  the  vessel  e,  which  contains 
cold  water.  The  water  in  the  retort  is  raised  to  ebullition,  the  steam 
given  off  is  condensed  in  the  worm,  and  the  distilled  water  is  col- 
lected in  the  vessel  g. 

As  the  condensation  of  the  steam  proceeds,  the  water  of  the  cooler 
becomes  heated,  and  must  be  renewed ;  for  this  purpose  a  tube 
descending  to  the  bottom  of  the  cooler  ia  supplied  with  a  continuous 
stream  of  cold  water  from  above,  while  the  superfluous  water  flows 
out  by  the  tube  i  at  the  upper  part  of  the  cooler.  In  this  way  the 
warm  water,  which  rises  to  the  top,  is  continually  removed.  The 
hoiler  is  filled  about  three-quarters  full,  and  the  water  in  it  can  from 
time  to  time  be  renewed  by  the  opening/;  but  it  is  advisable  not  to 
carry  the  process  of  distillation  too  far,  and  to  throw  away  the  liquid 
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remaining  in  the  boiler  when  its  volume  has  been  reduced  to  a  fourth 
or  a  fifth  of  what  it  was  originally.  By  exceeding  this  limit  we  ran 
th§  risk  of  impairing  the  purity  of  the  water  by  the  carrying  over 
of  some  of  the  solid  matter  contained  in  the  liquid  in  the  boiler. 

269.  Circumstances  which  Influence  Rapidity  of  Evaporation.— In 
the  case  of  a  liquid  exposed  to  the  air,  and  at  atmospheric  tempera- 
ture, the  rapidity  of  evaporation  increases  with  the  extent  of  free 
surface,  the  dryness  of  the  air,  and  the  rapidity  of  renewal  of  the 
air  immediately  above  the  surface. 

In  the  case  of  a  liquid  evaporated  by  boiling,  the  quantity  evapo- 
rated in  a  given  time  is  proportional  to  the  heat  received.  This 
depends  upon,  the  intensity  of  the  source  of  heat,  the  facility  with 
which  heat  passes  through  the  sides  of  the  vessel,  and  the  area  of 
heating  surface,  that  is  to  say,  of  surface  (or  more  properly  lamina) 
which  is  in  contact  with  the  liquid  on  one  side,  and  with  the  source 
of  heat  on  the  other. 


CHAPTER    XXVII. 


HEASUBEMENT  OF  THE  MAXIMT7M  TENSIONS  OF  YAPOURS. 


270.  Tension  of  Aqueous  Vapour. — The  knowledge  of  the  maximum 
teDsion  of  the  vapour  of  water  at  various  temperatures  is  important, 
not  only  from  a  theoretical,  but  also  from  a  practical  point  of  view, 
iDasmuch  as  this  tension  is  the  motive  force  in  the  steam-engine. 
Experiments  for  the  purpose  of  determining  the  values  of  this 
element  have  accordingly  been  undertaken  by  several  experimenters 
in  different  countries.  The  researches  conducted  by  Regnault  are 
especially  remarkable  for  the  range  of  temperature  which  they  em- 
brace, as  well  as  for  the  number  of  observations  which  they  include, 
and  the  extreme  precision  of  the  methods  employed  Next  to  these 
in  importance  are  the  experiments  of  Magnus  in  Germany  and  of 
Fairbairn  and  Tate  in  England. 

271.  Dalton'B  Apparatus. — ^The  first  investigations  in  this  subject 
which  have  any  pretensions  to  accuracy  were  those  of  Dalton.  The 
apparatus  which  he  employed  is  represented  in  Fig.  269.  Two  baro- 
metric tubes  A  and  B  are  inverted  in  the  same  cistern  H ;  one  is  an 
ordinary  barometer,  the  other  a  vapour-barometer;  that  is,  a  baro- 
meter in  which  a  few  drops  of  water  have  been  passed  up  through 
the  mercury.  The  two  tubes,  attached  to  the  support  CD,  are  sur- 
roanded  by  a  cylindrical  glass  vessel  containing  water  which  can  be 
raised  to  different  temperatures  by  means  of  a  fire.  The  first  step 
is  to  fill  the  vessel  with  ice,  and  then  read  the  difference  of  level  of 
the  mercury  in  the  two  tubes.  This  can  be  done  by  separating  the 
fragments  of  ice.  The  difference  thus  observed  is  the  tension  of 
aqueous  vapour  at  zero  Centigrade.  The  ice  is  then  replaced  by 
water,  and  the  action  of  the  fire  is  so  regulated  as  to  give  different 
temperatures,  ranging  between  0®  and  lOO^C,  each  of  which  is  pre- 
served constant  for  a  few  minutes,  the  water  being  at  the  same  time 
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well  Btirred  by  means  of  the  agitator  pj,  bo  as  to  insure  uniformity 
of  temperature  throughout  the  whole  mass.  The  difference  of  level 
)D  the  two  barometers  is  read  off  in  each 
case ;  and  we  have  thus  the  means  of 
constructing,  with  the  aid  of  graphical 
or  numerical  interpolation,  a  complete 
table  of  vapour-tensions  from  0°  to  100° 
C  At  or  about  this  latter  temperature 
the  mercury  in  the  vapour-barometer 
falls  to  the  level  of  the  cistern ;  and  the 
method  is  therefore  inapplicable  for 
higher  (emperaturea.  Such  a  table  was 
constructed  by  Daltoo. 

273.  Be^aolt's  Hodifleations. — D&l- 
ton's  method  haa  several  defects.  Id 
the  first  place,  it  is  impossible  to  insure 
that  the  temperature  shall  be  every- 
where the  same  in  a  column  as  long  aa 
that  which  is  formed  by  the  vapour  at 
70°,  75°,  and  higher  temperatures.  In 
the  second  place,  there  is  always  a  good 
deal  of  uncertainty  in  observing  the 
difference  of  level  through  the  sides  of 
the  cylindrical  glass  vessel  Begnault 
—  employed  this  method  only  up  to  tbe 

m.  u».— ndtoD'i  AppuktoL  temperature  of  SO'C.    At  this  tempera- 

ture the  tension  of  the  vapour  is  only 
about  9  centimetres  (lees  than  4  inches]  of  mercury,  and  it  is  thus 
unnecessary  to  heat  the  barometers  throughout  their  entire  length 
The  improved  apparatus  is  represented  in  Fig.  260.  The  two  baro- 
metric tubes,  of  an  interior  diameter  of  14  millimetres,  traverse  two 
holes  in  the  bottom  of  a  metal  box.  In  one  of  the  sides  of  the  box 
is  a  large  opening  closed  with  plate-glass,  through  which  the  necessaiy 
observations  can  be  made  with  great  accuracy.  On  account  of  tbe 
shortness  of  the  liquid  column  it  was  very  easy,  by  bringing  a  epirit- 
lamp  within  different  distances  of  the  box,  to  maintain  for  a  suffi- 
cient time  any  temperature  between  0"  and  50°  C 

The  difference  of  level  between  the  two  mercurial  columns  should 
be  reduced  to  0°  C.  by  the  ordinary  correction.  We  should  also  take 
into  consideration  the  short  column  of  water  which  is  above  tbe 
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mercary  in  the  vapour  barometer,  and  which,  by  its  weight,  produces 
s  depressioD  that  may  evidently  be  expressed  in  mercury  by  dividing 
the  height  of  the  column  by  IS'59. 

To  adapt  this  apparatus  to  low 
temperatures,  it  is  modified  id  the 
following  way.  The  upper  ex- 
tremity of  the  vapour  barometer 
tube  is  drawn  out  and  connected 
with  a  small  copper  tube  of  three 
bi&nches,  one  of  which  communi- 
cates with  an  air-pump,  and  an- 
other with  a  glass  globe  of  the 
capacity  of  about  500  cubic  centi- 
metrea  In  the  interior  of  this 
globe  is  a  small  bulb  of  thin  glass 
containing  water,  from  which  all 
the  air  haa  been  expelled  by  boil- 
ing. The  globe  is  several  times 
exhausted  of  air,  and  after  each  ex- 
haustion is  refilled  with  air  which 
has  been  passed  over  desiccating 
sabatances.  After  the  last  exhaus- 
tion, the  tube  which  establishes 
communicatioD  with  the  air-pump 
is  hermetically  sealed,  the  box  ia 
filled  with  ice,  and  the  tension  at 
zero  of  the  dry  air  left  behind  in 

the  globe  by  the  air-pump  is  mea-  m-seo.— ii<Kiifl«dFonnofD»iton'i  AppMtui, 
sured ;  it  is  of  course  exceedingly 

small  Heat  is  then  applied  to  tbe  globe,  the  little  bulb  bursts,  and 
the  globe,  together  with  the  space  above  the  mercary,  is  filled  with 
vapour.  This  form  of  apparatus  can  also  be  employed  to  measure 
tensions  at  temperatures  up  to  50°,  the  only  difference  being  that  the 
ice  is  replaced  by  water  at  different  temperatures,  allowance  being 
made,  in  each  case,  for  the  elastic  force  of  the  unexhausted  air. 

In  the  case  of  temperatures  below  zero,  the  box  is  no  longer 
required,  and  the  globe  alone  is  placed  in  a  vessel  containing  a  freez- 
ing mixture.  The  barometric  tubes  are  surrounded  by  the  air  of  the 
apartment. 

In  this  case  the  space  occupied  by  the  vapour  is  at  two  different 
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temperatures  in  different  parts,  but  it  is  evident  that  equilibrium 
can  exist  only  when  the  tension  is  the  same  throughout  But  the 
tension  of  the  vapour  in  the  globe  can  never  exceed  the  maximum 
tension  for  the  actual  temperature ;  this  must  therefore  be  the  tension 
throughout  the  entire  space,  and  is  consequently  that  which  corre- 
sponds to  the  difference  of  level  observed. 

In  reality  what  happens  is  as  follows : — The  low  temperature  of 
the  globe  causes  some  of  the  vapour  to  condense;  equilibrium  is 
consequently  destroyed,  a  fresh  quantity  of  vapour  is  produced,  enters 
the  globe,  and  is  there  condensed,  and  so  on,  until  the  tension  is 
everywhere  the  same  as  the  maximum  tension  due  to  the  tempersr 
ture  of  the  globe.  This  condensation  of  vapour  in  the  cold  part  of 
the  space  was  utilized  by  Watt  in  the  steam-engine;  it  is  the  pin- 
ciple  of  the  condenser. 

Before  Begnault,  Qay-Lussac  had  already  turned  this  principle  to 
account  in  a  similar  manner  for  the  measurement  of  low  tempera- 
tures. 

By  using  chloride  of  calcium  mixed  with  successively  increaaing 
quantities  of  snow  or  ice,  the  temperature  can  be  brought  as  low  as 
— 32'*C.  (—25-6**  F.),  and  it  can  be  shown  that  the  tension  of  the  v^ur 
of  water  is  quite  appreciable  even  at  this  point 

273.  Measurement  of  Maximom  TeneionB  for  Temperatures  above  50^ 
— In  investigating  the  tension  of  the  vapour  of  water  at  temperatures 
above  50^,  Regnault  made  use  of  the  fact  that  the  maximum  tension 
of  steam  at  the  boiling-point  is  equal  to  the  external  pressure. 

His  apparatus  consists  (Fig.  261)  of  a  copper  boiler  containing 
water  which  can  be  raised  to  different  temperatures  indicated  by 
very  delicate  thermometera  The  vapour  produced  passes  through  a 
tube  inclined  upwards,  which  is  kept  cool  by  a  constant  current  of 
water ;  in  this  way  the  experiment  can  be  continued  for  any  length 
of  time,  as  the  vapour  formed  by  ebullition  is  condensed  in  the  tube, 
and  flows  back  into  the  boiler.  The  tube  leads  to  the  lower  part  of 
a  large  reservoir,  in  which  the  air  can  be  either  rarefied  or  com- 
pressed at  will  This  reservoir  is  in  communication  with  a  mano- 
meter. The  apparatus  shown  in  the  figure  is  that  employed  for 
pressures  not  exceeding  6  atmospherea  Much  greater  pressures, 
extending  to  28  atmospheres,  can  be  attained  by  simply  altering  the 
dimensions  of  the  apparatus  without*  any  change  in  its  principle. 
The  manometer  employed  in  this  case  was  the  same  as  that  used  in 
testing  Boyle's  law,  consisting  of  a  long  column  of  mercury  (§  121). 
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Id  usiog  this  apparatus,  the  air  in  the  reservoir  is  first  rarefied 
until  the  water  boils  at  about  50°  0. ;  the  occurrence  of  ebullition 
being  recognized  by  its  characteristic  sound,  and  by  the  temperature 
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remaining  invariable.  This  steadiness  of  temperature  is  of  great 
advantage  in  making  the  observations,  inasmuch  as  it  enables  the 
thermometers  to  come  into  perfect  equilibnuni  of  temperature  with 
the  water.  The  tension  indicated  by  the  manometer  during  ebulli- 
tion is  exactly  that  of  the  vapour  produced  By  admitting  air  into 
the  reservoir,  the  boiling-point  is  raised  by  successive  steps  until  it 
reaches  100°,  After  this,  air  must  be  forced  into  the  reservoir  by  a 
compressi  on-pu  mp. 

The  following  is  an  abstract  of  the  results  thus  obtained: — 
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Temperatares 
Centigrade. 


Tensionc  in 

MillimetrM  of 

Hercuiy. 

80' 31-65 

36 41-82 

40 64-91 

45 71-39 

60 91-98 

55 117-47 

60 148-70 

65 186-94 


TempeimturM 
Ceutigrade. 


lOO*' 

121 

134 

144 

162 

159 

171 


Tensions  in 
Atmospheres. 

.  1 

2  026 

.  3-008 

.  4-000 

.  4-971 

.  6-966 

.  8036 


Tensions  in 

Millimetxtai  of 

Hercoiy. 

70'' 23309 

76 288-61 

80 364-64 

86 433-04 

90 525-46 

95 633-77 

100 760-00 


Tensions  is 
AtmosphereL 

180° 9-929 

189 12125 

199 16-062 

213 .  19-997 

225 25125 

239 27-634 


274.  Curves  of  Vapour-tension. — The  comparison  of  these  tensions 
with  their  corresponding  temperatures  aflfords  no  clue  to  any  simple 
relation  between  them  which  might  be  taken  as  the  physical  law  of 
the  phenomena.  It  would  appear  that  the  law  of  variation  of 
maximum  tensions  ia  incapable  of  being  thrown  into  any  simple 
expression— judging  at  least  from  the  failure  of  all  efforts  hitherto 
made.  An  attentive  examination  of  the  above  table  will  enable  us 
to  assert  only  that  the  maximum  tension  varies  very  rapidly  with 

the  temperature.  Thus  be- 
tween 0°  and  100°  the  variation 
is  only  1  atmosphere,  but  be- 
tween 100**  and  200''  it  is  about 
15,  and  between  200**  and  230* 
about  13  atmospheres. 

The  clearest  way  of  repre- 
senting to  the  mind  the  law  ac- 
cording to  which  vapour-ten- 
sion varies  with  temperature,  is 
by  means  of  a  curve  whose  or- 
dinates  represent  vapour-ten- 
sions, while  the  abscissse  repre- 
sent  the    corresponding   tem- 
peratures.    Such  a  curve  is  exhibited  in  Fig.  262.     Lengths  propor- 
tional to  the  temperatures,  reckoned  from  0°  C,  are  laid  off  on  the 
base-line  (called  the  line  of  abscissae),  and  perpendiculars  (called  ordi- 
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nates)  are  erected  at  their  extremities,  the  lengths  of  these  perpendi- 
culars being  made  proportional  to  the  vapour-tensions.  The  scales 
employed  for  the  two  sets  of  lengths  are  of  course  quite  independent 
of  one  another,  their  selection  being  merely  a  question  of  convenience. 
The  curve  itself  is  obtained  by  joining  the  fextremities  of  the  per- 
pendiculars, taking  care  to  avoid  sudden  changes  of  direction ;  and 
it  not  only  serves  to  convey  to  the  mind  an  idea  of  the  amounts  of 
vapour- tensions  and  their  rates  of  variation  at  different  tempera- 
tures, but  also  furnishes  the  readiest  means  of  determining  the 
vapour -tensions  at  temperatures  intermediate  between  those  of 
observation  (see  §88b). 

It  will  be  noticed  that  the  curve  becomes  steeper  as  the  tempera- 
ture increases,  indicating  that  the  tension  increases  faster  than  the 
temperature. 

275.  Empirical  Formuls. — Though  all  attempts  at  finding  a  rational 
formula  for  vapour-tension  in  terms  of  temperature  have  hitherto 
failed,  it  is  easy  to  devise  empirical  formulse  which  yield  tolerably 
accurate  results  within  a  limited  range  of  temperature;  and  by 
altering  the  values  of  the  constants  in  such  a  formula  by  successive 
steps,  it  may  be  adapted  to  represent  in  succession  the  different  por- 
tions of  the  curve  above  described. 

The  simplest  of  these  approximate  formulae^  is  that  of  Dulong  and 
Arago,  which  may  be  written — 


(-140-)         ^'         V"250")' 


and  gives  the  maximum  tension  in  atmospheres,  corresponding  to 
the  temperature  C  Centigrade,  or  F°  Fahrenheit.  This  formula  is 
rigorously  correct  at  100°C.,  and  gives  increasing  errors  as  the  tem- 
perature departs  further  from  this  centre,  the  errors  amounting  to 
about  1 J  per  ceni  at  the  temperatures  80°  C.  and  225*  C.  Hence  it 
appears  that  between  these  limits  the  maximum  tension  of  aqueous 
vapour  is  nearly  proportional  to  the  fifth  power  of  the  excess  of  the 
temperature  above  — 40**  C. 

276.  Tensions  of  the  Vapours  of  DifTerent  Liquids. — Dalton  held  that 
the  vapours  of  different  liquids  have  equal  tensions  at  temperatures 
equally  removed  froTn  their  boiling-points.  Thus  the  boiling-point 
of  alcohol  being  78°,  the  tension  of  alcohol  vapour  at  70°  should  be 
equal  to  that  of  the  vapour  of  water  at  92°.     If  this  law  were  correct, 

^  For  a  more  acctorate  formula,  see  Jtcmkine  <m  Steam-engine^  p.  237. 
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it  would  only  be  necessary  to  know  the  boiling-point  of  any  liquid  is 
order  to  estimate  the  tension  of  its  vapour  at  any  given  temperature; 
but  subsequent  experiment  has  shown  that  the  law  is  far  from  being 
rigorously  exact,  though  it  is  approximately  correct  for  temperatures 
differing  by  only  a  few  degrees  from  the  boiling-points. 

Begnault  has  performed  numerous  experiments  on  the  vapour- 
tensions  of  some  of  the  more  volatile  liquids,  employing  for  this 
purpose  the  same  form  of  apparatus  which  had  served  for  deter- 
mining the  tensions  of  aqueous  vapour.  The  following  are  some  of 
his  results : — 


Vapoub  of  Aloohol. 

Tsmpentnres 
Contigxade. 

TenaionftiiL 
Mmimetra. 

Temperatam 
Ceufcigrade. 

TensioiM  in 
MiUimeCTCB. 

-20«     .     .     . 

,     .    .    .       8-24 

+    80**   .     .     .     . 

.     .       78-52 

0      .     .     . 

.    .    .     .     12-70 

100    ...     . 

.     .  1697-55 

+  10      .     .     . 

.    .     .     .     24-23 

155    .... 

.     .  6259-19 

Vapoub  of  E^hib. 

-20«     .     .     . 

.    .    .     68-90 

+   80*   .     .     .     . 

.     .     684-80 

0      .     .     . 

.    .     .     .  184-39 

100    ...     . 

.     .  4953  30 

+  10      .     .     , 

.     .     .  286-83 

120    ...    . 

.     .  7719-20 

Vapoub  of  Sulphide  of  Cabbok. 

-20«     .     . 

.    .    .    .    47-80 

+   80**  .     .     .     . 

.     .     434-62 

0      .     .     . 

.     .     .  127-91 

100    ...     . 

.     .  8825-15 

+  10      .     .     . 

.     .     .  198-46 

150    ...     . 

.     .  9095-94 

277.  ExpresBion  of  Vapour-tension  in  Absolute  Measure. — ^Tbe 
maximum  tension  of  a  given  vapour  at  a  given  temperature  is,  from 
its  very  nature,  independent  of  geographical  position,  and  should 
therefore,  properly  speaking,  be  denoted  by  one  and  the  same  numba* 
at  all  placea  This  numerical  uniformity  will  not  exist  if  the  tension 
be  expressed,  as  in  the  preceding  sections,  in  terms  of  the  length  of 
a  column  of  mercury  which  balances  it.  For  example,  in  order  to 
adapt  Segnault's  determinations  to  London,  we  must  multiply  them 
by  the  fraction  iH^,  inasmuch  as  3456  millimetres  of  mercury  exert 
the  same  pressure  at  London  as  3457  at  Paris.  In  general,  to  adapt 
determinations  of  pressure  made  at  a  place  A,  to  another  place  B,  we 
must  multiply  them  by  the  fraction 

grayitj  At  A 
gravity  at  B' 

If  the  length  of  mercurial  column  at  0*C.  which  balances  a  vapour- 
tension  at  a  given  place  be  multiplied  by  the  value  of  g  (denoting 
intensity  of  gravity)  at  that  place,  the  product  may  be  called  tbe 
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absolute  valine  of  the  vapour-tension ;  for  the  products  thus  obtained 
will  be  the  same  at  all  localities.  This  is  the  proper  mode  of  treat- 
ing determinations  of  vapour-tension  made  at  various  localities  when 
it  is  desired  to  establish  a  rigorous  comparison  between  them. 

2?8.  Laws  of  Combination  by  Volume. — It  was  discovered  by  Qay- 
Lussac,  that  when  two  or  more  gaseous  elements  at  the  same  tem- 
perature and  pressure  enter  into  chemical  combination  with  each 
other,  the  two  following  laws  apply: — 

1.  The  volumes  of  the  components  bear  a  very  simple  ratio  to  each 
other,  such  as  2  to  3,  1  to  2,  or  1  to  1. 

2.  The  volume  of  the  compound  has  a  simple  ratio  to  the  sum  of 
the  volumes  of  the  components. 

Ammonia,  for  example,  is  formed  by  nitrogen  and  hydrogen  unit- 
ing in  the  proportion  of  one  volume  of  the  former  to  three  of  the 
latter,  and  the  volume  of  the  ammonia,  if  reduced  to  the  same  pres- 
sure as  each  of  its  constituents,  is  just  half  the  sum  of  their  volumes 
Further  investigation  has  led  to  the  conclusion  (which  is  now  gene- 
rally received,  though  hampered  by  some  apparent  exceptions),  that 
these  laws  apply  to  all  cases  of  chemical  combination,  the  volumes 
compared  being  those  which  would  be  occupied  respectively  by  the 
combining  elements  and  the  compound  which  they  form,  when 
reduced  to  the  state  of  vapour,  at  such  a  temperature  and  pressure 
as  to  be  very  fitr  removed  from  liquefaction,  and  consequently  to 
possess  the  properties  of  what  we  are  accustomed  to  call  permanent 
gases. 

It  is  obvious  that  if  all  gases  and  vapours  were  equally  expansible 
by  heat,  the  volume-ratios  referred  to  in  this  law  would  be  the  same 
at  all  temperatures ;  and  that,  in  like  manner,  if  they  were  all  equally 
compressible  (whether  obeying  Boyle's  law,  or  departing  equally 
from  it  at  equal  pressures),  the  volume-ratios  would  be  independent 
of  the  pressure  at  which  the  comparison  was  made. 

In  reality  great  differences  exist  between  different  vapours  in  both 
respects,  and  these  inequalities  are  greater  as  the  vapours  are  nearer 
to  saturation.  It  is  accordingly  found  that  the  above  laws  of  volume- 
ratio  often  fail  to  apply  to  vapours  when  under  atmospheric  pressure 
and  within  a  few  degrees  of  their  boiling-points,  and  that,  in  such 
cases,  a  much  nearer  fulfilment  of  the  law  is  obtained  by  employing 
very  high  temperatures,  or  operating  in  inclosures  at  very  low  pres- 
surea 

278  a.  Belation  of  Tapour-densitieB  to  Chemical  Equivalents. — Chem- 
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ists  have  determined  with  great  accuracy  the  combining  proportions 
by  weight  of  most  of  the  elementa  Hence  the  preceding  laws  can 
be  readily  tested  for  bodies  which  usually  exist  in  the  solid  or  liquid 
form,  if  we  are  able  to  compare  the  densities  of  their  vapoura  In 
fact,  if  two  such  elements  combine  in  the  ratio,  by  weight,  of  w^  tow,, 
we  have 

v^  v^  d^  d^  denoting  the  volumes  and  densities  of  the  vapours  of 
weights  Wj^  iv^  of  the  two  substancea 
Hence  we  have  the  equation — 

which  gives  the  required  volume-ratio  of  the  vapours,  if  the  ratio  of 
their  densities  be  known. 

The  densities  themselves  will  differ  enormously  according  to  the 
pressure  and  temperature  at  which  they  are  taken,  but  their  ratio 
will  only  vary  by  comparatively  small  amounts,  and  would  not  differ 
at  all  if  they  were  equally  expansible  by  heat,  and  equally  com- 
pressible. Hence  comparison  will  be  facilitated  by  tabulating  the 
ratios  of  the  densities  to  that  of  some  standard  gas,  namely  air,  under 
the  same  conditions  of  pressure  and  temperature,  rather  than  the 
absolute  densities.  This  is  accordingly  the  course  which  is  generally 
pursued,  so  generally  indeed,  that  by  the  vapour-density  of  a  sub- 
stance is  commonly  understood  the  relative  density  as  measured  by 
this  ratio. 

The  process  most  frequently  employed  for  the  determination  of 
this  element  is  that  invented  by  Dumas. 

279.  Dumas'  Method. — The  apparatus  consists  of  a  glass  globe  B, 
containing  the  substance  which  is  to  be  converted  into  vapour. 

The  globe  is  placed  in  a  vessel  C,  containing  some  liquid  which 
can  be  raised  to  a  suitable  temperature.  If  the  substance  to  be 
operated  on  is  one  which  can  be  vaporized  at  100*0.,  the  bath  con- 
sists simply  of  boiling  water.  When  higher  temperatures  are 
required,  a  saline  solution,  oil,  or  a  fusible  alloy  is  employed.  In  all 
cases,  the  liquid  should  be  agitated,  that  its  temperature  may  be  the 
same  in  all  parts.  This  temperature  is  indicated  by  the  thermo- 
meter t 

When  the  substance  in  the  globe  has  attained  its  boiling-point, 
evaporation  proceeds  rapidly,  and  the  vapour  escapes,  carrying  out 
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the  air  along  with  it  When  the  vaponr  ceases  to  issue,  we  may 
assume,  if  the  quantity  of  matter  originally  takea  has  been  suffi- 
ciently large,  that  all  the 
air  has  heen  expelled,  and 
that  the  globe  is  full  of 
vapour  at  the  temperature 
given  by  the  thermometer, 
and  at  the  external  pres- 
sure H.  The  globe  is  then 
hermetically  sealed  at  the 
extremity  p  of  the  neck, 
which  has  been  previously 
drawn  oat  into  a  fine  tube. 
280.  Calculation  of  the 
Experiment. — Ab  already 
remarked,  the  densities  of 

vapours  given  in  treatises  p,^  Ms.-Damu-  Ari«r.t«^ 

on  chemistry  express  the 

ratio  of  the  weight  of  a  given  volume  of  the  vapour  to  that  of  the 
same  volume  of  air  at  the  ea-me  temperature  and  p^-eaaure.  In  order 
to  deduce  this  ratio  from  the  preceding  experiment,  we  must  6rst  find 
the  weight  of  the  vapour.  This  is  done  by  weighing  the  globe  with 
its  contents,  after  allowing  it  to  cool.  Suppose  the  weight  thus  found 
to  be  W.  Before  the  experiment  the  globe  had  been  weighed  full  of 
dry  air  at  a  known  temperature  t  and  pressure  h.  Suppose  this 
weight  to  be  W;  the  difference  W  — W  evidently  represents  the 
excess  of  the  weight  of  the  vapour  above  that  of  the  air.  If,  then, 
we  add  W  —  W  to  the  weight  of  the  air,  we  shall  evidently  have  the 
weight  of  the  vapour.  Now  the  weight  of  the  air  is  easily  deduced 
firom  the  known  volume  of  the  globa  If  V  denote  this  volume  at 
zero  expressed  in  litres,  the  weight  in  grammes  of  the  air  con- 
tained in  the  globe  at  the  time  of  weighing  is 

K.  denoting  the  coefficient  of  cubical  expansion  of  glass,  and  a  the 
coefficient  of  expansion  of  air.  The  weight  of  the  vapour  contained 
in  the  globe  is  consequently 

A  =  W-W  +  V(l  +  Ki)xl-283x— 1^  .  A. 

htit  H  be  the  pressure,  and  T  the  temperature  at  the  time  of  sealing 
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the  globe.  The  volume  occupied  by  the  vapour  under  these  circum- 
stances was  V(1  +  KT).  The  density  of  the  vapour  will  therefore 
be  obtained  by  dividing  A  by  the  weight  of  this  volume  of  air  at  the 
same  temperature  and  pressure.     But  this  weight  is 

A'=V  (1 +  KT).  1-293. -^  -  .  ^; 
^  '  1  +  aT    760' 

hence,  finally,  the  required  relative  density  is 

W-W'+V(l  +  K0.1-293.-J-  .j^. 
jj^A 1-K»<    760 

^  V(1  +  KT).  1-298.  -J_  .  J?, 

^  '  1  +  aT    760 

The  correctness  of  this  formula  depends  upon  the  assumption  that 
no  air  is  left  in  the  globe.  In  order  to  make  sure  that  this  condi- 
tion is  fulfilled,  the  point  ip  of  the  neck  of  the  globe  is  broken  off 
under  mercury;  the  liquid  then  rushes  in,  and,  together  with  the 
condensed  vapour,  fills  the  globe  completely,  if  no  air  has  been  left 
behind. 

This  last  operation  also  affords  a  means  of  calculating  the  volume  T; 
for  we  have  only  to  weigh  the  mercury  contained  in  the  globe,  or  to 
measure  it  in  a  graduated  tube,  in  order  to  ascertain  its  volume  at 
the  actual  temperature,  whence  the  volume  at  zero  can  easily  be 
deduced. 

281.  Example. — In  order  better  to  illustrate  the  method,  we  shall 
take  the  following  numerical  results  obtained  in  an  investigation  of 
the  vapour-density  of  sulphide  of  carbon : — 

Excess  of  weight  of  vapour  above  weight  of  air,  W— W'=  3  gramme; 
temperature  of  the  vapour  T  =  59**;  external  pressure  H=752-5  milli- 
metres; volume  of  the  globe  at  a  temperature  of  12**,  190  cubic  centi- 
metres; temperature  of  the  dry  air  which  filled  the  globe  at  the  time 

of  weighing,  ^=15**;  pressure  il=765;  K=  gg^^. 
The  volume  V  of  the  globe  at  zero  is 

190 


i+.  12 


=  189*94  cubic  centimetres  = '18994  litre. 


88700 

The  weight  of  the  air  contained  in  the  globe  is 

•18994x1-298.  l\  +  -^j-S  .  ~—-L—---  .  ^  =  -23658  gnunme. 

\         88700/     1  + 12  X.  00366     760  * 

Weight  of  the  vapour, 

•23658  +  W  -  W=  -68668  gramme. 


MAXIMUM  TENSIONS  OF  VAPOURS.  361 

The  weight  of  the  same  volume  of  air  at  the  same  temperature  and 
pressure  is 

•18994  X  1-  293  ^1  +  jj^^)  .  :; -!___  .  ZJ^'S  ^  .20019  gramme. 

V        38700/     1  +  -00366x69      760  * 

The  density  is  therefore 

J365?  =  2-67. 
•20019 

Deville  and  Troost  have  effected  several  improvements  in  the  appli- 
cation of  Dumas'  method  to  vapours  at  high  temperatures.  These 
temperatures  are  obtained  by  boiling  various  substances,  such  as 
chloride  of  zinc,  cadmium,  which  boils  at  860°  0.,  or  zinc,  which  boils 
at  1040°C.  For  temperatures  above  800°,  the  glass  globe  is  replaced 
by  a  globe  of  porcelain,  which  is  hermetically  sealed  with  the  oxyhy- 
drogen  blowpipe.  The  globe  itself  serves  as  a  pyrometer  to  deter- 
mine the  temperature;  and  since  the  weight  of  air  becomes  very 
inconsiderable  at  high  temperatures,  some  heavier  vapour,  such  as 
that  of  iodine,  is  substituted  in  its  place.  If  we  suppose,  as  we  may 
fairly  do,  that  at  these  high  temperatures  the  coefficient  of  expansion 
of  the  vapour  of  iodine  is  the  same  as  that  of  air,  the  temperature 
may  easily  be  deduced  from  the  weight  of  iodine  contained  in  the 
globe.  We  subjoin  a  table  of  some  relative  densities  of  vapours 
obtained  by  this  method: — 


Water, 0*622 

Alcohol, 1-6138 

Ether, 2-686 

Spirit  of  turpentine,     .     .  5*0180 

Iodine, 8*716 

Sulphur, 2-23 


Phosphorus, i'5 

Cadmium, 3*94 

Chloride  of  aluminium, .     .     9*347 
Bromide  of  aluminium,       .  18*62 
Chloride  of  zirconium,  .     .     8*1 
Sesquichloride  of  iron,    .     .  1 1  *39 


282.  Limiting  Talues  of  Relative  Densities. — In  investigating  the 
relative  density  of  acetic  acid  vapour,  Cahours  found  that  it  went 
on  decreasing  as  the  temperature  increased,  up  to  a  certain  point, 
after  which  no  further  change  was  observable.  A  similar  circum- 
stance is  observed  in  the  case  of  all  substances,  only  in  different 
degrees.  The  vapour  of  sulphur,  for  instance,  has  a  relative  density 
of  6-65  at  500''  0.,  while  at  about  1000°  0.  it  is  only  223.  This 
indicates  that  the  vapours  in  question  are  more  expansible  by  heat 
than  air  until  the  limiting  temperatures  are  attained.  Indeed  it  may 
be  laid  down  as  a  general  principle,  that  the  nearer  a  vapour  is  to 
saturation  the  greater  is  the  change  produced  in  its  absolute  density 
by  a  given  change  whether  of  temperature  or  pressure.  The  limiting 
density-ratio  is  always  that  which  it  is  most  important  to  determine, 
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and  we  should  consequently  take  care  that  the  temperature  of  the 
vapour  is  sufficiently  high  to  enable  us  to  obtain  it. 

283.  Gay-LuBsac's  Hetiiod. — Gay-Lussac  determiDed  the  density  of 
the  vapour  of  water  and  of  aome  other  liquids  by  a  method  a  little 
moi'e  complicated  than  that  described  above,  and  which  for  thst 
reason  has  not  been  generally  adopted  in  the  laboratory.  We  proceed 
to  describe  it,  however,  on  account  both  of  its  historical  interest  and 
of  the  importance  of  the  question  which  it  has  assisted  in  solving. 

A  graduated  tube  divided  into  cubic  centimeti'es,  suppose,  is  filled 
with  mercury,  and  inverted  in  a  cast-iron  vessel  containing  the  same 
liquid.     The  inverted  tube  is  surrounded  by  a  glass  envelope  con- 
taining water,  as  in  Dalton's  apparatus.     A  small  glass  bulb  contun- 
ing  a  given  weight  tv  (expressed  in  grammes)  of  distilled  water  is 
passed  into  tlie  tube,  and  rises  to  the  surface  of  the  mercurj-.    The 
temperature  of  the  apparatus  is  then 
raised  by  means  of  a  fire  below,  the  bulb 
bursts,  and  the  water  which  it  cont^ned 
is  converted  into  vapour.     If  the  quan- 
tity of  water  be  not  too  great,  it  is  all 
converted  into  vapour ;  this  is  known 
to  be  the  case  when,  at  the  temperature 
of  about  100°,  the  mercury  stands  higher 
in  the  tube  than  in  the  vessel,  for  if 
there  were  any  liquid-water   present, 
the  space  would  be  saturated,  and  the 
tension  of  the  vapour  would  be  equal  tA 
the  external  pressure.     This  arrange- 
ng.  ati,— Ob;  LuHo'i  Appumtu.         meat  accordingly  gives  the  weight  of  a 
known  volume  of  the  vapour  of  water. 
This  volume,  which  may  at  once  be  read  upon  the  graduated  tube,  is 
equal  to  V  (I  +  KT),  V  being  the  number  of  divisions  occupied  by 
the  vapour.     The  temperature  T  is  marked  by  a  thermometer  im- 
mersed in  the  water  contained  in  the  envelope.     The  tension  of  the 
vapour  is  evidently  equal  to  the  external  pressure  minus  the  height 
of  the  mercury  in  the  tube. 

In  order  to  find  the  relative  density,  we  must  divide  to  by  the 
weight  of  a  volume  V  (1  +  KT)  of  air  at  the  temperature  T  and  pres- 
sure H  —  h,  giving 

V  (1  -i-KT)  X -001283 x-i-T=  .  ^'~. 
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The  relative  density  of  the  vapour  of  water,  as  thus  determined  by 
Gay-Lussac,  is  about  f ,  or  "625.  Several  recent  investigations  have 
given  as  mean  result  622,  which  agrees  with  the  theoretical  density 
deduced  from  the  composition  of  water.^ 

284.  Volume  of  Vapour  formed  by  a  given  Weight  of  Water. — When 
the  density  of  the  vapour  of  water  is  known,  the  increase  of  volume 
which  occurs  when  a  given  quantity  of  water  passes  into  the  state 
of  vapour  may  easily  be  calculated.  Suppose,  for  instance,  that  we 
wish  to  find  the  volume  which  a  cubic  centimetre  of  water  at  4"^  will 
occupy  in  the  state  of  vapour  at  lOtf*.  At  this  temperature  the 
tension  of  the  vapour  is  equal  to  one  atmosphere,  and  its  weight  is 
equal  to  '622  times  the  weight  of  the  same  volume  of  air  at  the  same 
temperature  and  pressure.  If  then  V  be  the  volume  in  litres,  we 
have  (in  grammes) 


whence 


Vx  1-293  X,     ]^^   X -622=1, 
1  +  lOOa  ' 


V=r    l+^gQ<L-  =  Jl?51  =1-698  Ut.=1698  cubic  centimetres. 
1 -293  X -622     '804246 


Hence  we  see  that  water  at  4"*  gives  about  1700  times  its  volume  of 
vapour  at  100°C. 

The  latent  heat  of  evaporation  is  doubtless  connected  with  this 
increase  of  volume;  and  it  may  be  remarked  that  both  these  elements 
appear  to  be  greater  for  water  than  for  any  other  substance. 

^  Water  is  composed  of  2  volumes  of  hydrogen,  and  1  volume  of  oxygen,  forming  2 
volumes  of  vapour  of  water.  The  sum  of  the  density  of  oxygen  and  twice  the  density  of 
hydrogen  is  1*244,  and  the  half  of  this  is  exactly  -622.— i). 
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HYGROMETEY. 


285.  Hamidity. — The  condition  of  the  air  as  regards  moisture 
involves  two  distinct  elements:  (1)  the  amount  of  vapour  present 
in  the  air,  and  (2)  the  ratio  of  this  to  the  amount  which  would 
saturate  the  air  at  the  actual  temperature.  It  is  upon  the  second  of 
these  elements  that  our  sensations  of  dryness  and  moisture  chiefly 
depend,  and  it  is  this  element  which  meteorologists  have  agreed  to 
denote  by  the  term  humidity;  or,  as  it  is  sometimes  called,  relative 
humidity.  It  is  usually  expressed  as  a  percentage;  for  example,  if 
the  weight  of  vapour  present  is  seven-tenths  of  that  required  for 
saturation,  the  humidity  is  said  to  be  70. 

The  words  humid  and  moist,  as  applied  to  air  in  ordinary  lan- 
guage, nearly  correspond  to  this  technical  use  of  the  word  humidity; 
and  air  is  usually  said  to  be  dry  when  its  humidity  is  considerably 
below  the  average.  In  treatises  on  physics,  "dry  air"  usually 
denotes  air  whose  humidity  is  zero. 

The  air  in  a  room  heated  by  a  hot  stove  contains  as  much  vapour 
weight  for  weight  as  the  open  air  outside;  but  it  is  drier,  because  its 
capacity  for  vapour  is  greater.  In  like  manner  the  air  is  drier  at 
noon  than  at  midnight,  though  the  amount  of  vapour  present  is  about 
the  same;  and  it  is  for  the  most  part  drier  in  summer  than  in  winter, 
though  the  amount  of  vapour  present  is  much  greater. 

Bearing  in  mind  that  a  cubic  foot  of  air  is  able  to  take  up  the  same 
amount  of  vapour  as  a  cubic  foot  of  empty  space,  we  may  define  the 
humidity  of  the  air  as  the  weight  of  aqueous  vapour  in  a  given 
voluTne  of  air,  eaypressed  as  a  percentage  of  the  weight  of  vapour 
at  saturation  which  would  occupy  the  same  volume  at  the  actual 
temperature. 

Also,  since  aqueous  vapour  nearly  fulfils  Boyle's  law,  the  humidity 
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of  the  air  may  be  obtained  by  comparing  the  teTiaion  of  the  vapour 
present  in  the  air  with  the  maxiifnuTti  tension  for  the  actual  tempera- 
ture. 

286.  Dew-point. — ^When  air  containing  aqueous  vapour  is  gradually 
cooled  at  constant  pressure,  its  density  increases,  and  the  rate  of 
increase  is  sensibly  the  same  for  the  vapour  as  for  the  dry  air  with 
which  it  is  mixed  (inasmuch  as  vapours  not  in  contact  with  their 
liquids  nearly  fulfil  Gay-Lussac  s  law),  until  a  point  is  reached  at 
wliich  the  density  of  the  vapour  becomes  equal  to  the  maximum 
density  corresponding  to  the  temperature.  This  temperature  is  called 
the  dew-point  of  the  given  mass,  and  any  further  reduction  of  tem- 
perature will  be  accompanied  by  the  condensation  of  a  portion  of  the 
vapour,  which  will  take  the  form  of  dew,  rain,  snow,  or  hoar-frost, 
according  to  circumstancea  If  the  cooling  is  produced  by  the  low 
temperature  of  the  sides  of  the  containing  vessel,  the  deposit  will  be 
dew  or  hoar-frost,  according  as  the  temperature  of  the  sides  is  above 
or  below  the  freezing-point.  If  the  cooling  takes  place  in  the 
interior  of  the  mass  of  air,  the  deposit  will  be  rain  or  snow,  accord- 
ing as  the  temperature  of  deposition  is  above  or  below  the  freezing- 
point. 

In  the  operation  of  cooling  down  to  the  dew-point,  the  density  of 
the  vapour,  as  we  have  seen,  increases.  Let  t  denote  the  initial 
temperature,  and  T  the  dew-point,  and  let  d  and  D  be  the  densities 
of  the  vapour  at  these  temperatures.  Then  we  have,  by  «Gay-Lussac's 
law, 

l  +  oT 

But  the  tension  of  the  vapour  is  not  sensibly  changed  by  the  opera- 
tion, since  the  whole  pressure  is  by  hypothesis  preserved  constant, 
and  the  changes  of  temperature  and  volume  affect  the  dry  and  the 
vaporous  constituent  nearly  alike. 

If  the  reduction  of  temperature  from  ^  to  T  took  place  at  constant 
volume  (in  a  closed  receiver,  for  example),  we  should  then  have 

^    1  +  cU' 

2>  and  P  denoting  the  vapour-tensions  at  the  temperatures  t  and  T ; 
and  the  density  would  remain  constant,  since  no  vapour  enters  or 
escapes.  In  this  case  the  vapour  would  not  begin  to  be  condensed 
till  a  somewhat  lower  temperature  had  been  attained. 

287.  Hygroscopes. — Anything  which  serves  to  give  rough  indica- 
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tions  of  the  state  of  the  air  as  regards  moisture  may  be  called  a 
hygroscope  (vypoc,  moist).  Many  substances,  especially  those  which 
are  composed  of  organic  tissue,  have  the  property  of  absorbing  the 
moisture  of  the  surrounding  air,  until  they  attain  a  condition  of 
equilibrium,  such  that  their  affinity  for  the  moisture  absorbed  is 
exactly  equal  to  the  force  with  which  the  latter  tends  to  evaporate. 
Hence  it  follows  that,  according  to  the  dampness  or  dryness  of  the 
air,  such  a  substance  will  absorb  or  give  up  vapour,  either  of  which 
processes  is  always  attended  with  a  variation  in  the  dimensions  of  the 
body.  The  nature  of  this  variation  depends  upon  the  peculiar  struc- 
ture of  the  substance;  thus,  for  instance,  bodies  formed  of  filaments 
exhibit  a  greater  increase  in  the  direction  of  their  breadth  than  of 
their  length.  Membranous  bodies,  on  the  other  hand,  such  as  paper 
or  parchment,  formed  by  an  interlacing  of  fibres  in  all  directions, 
expand  or  contract  almost  as  if  they  were  homogeneous.  Bodies 
composed  of  twisted  fibres,  as  ropes  and  strings,  swell  under  the 
action  of  moisture,  grow  shorter,  and  are  more  tightly  twisted.  The 
opposite  is  the  case  with  catgut,  which  is  often  employed  in  popular 
hygroscopes. 

288.  Hygnrometers. — Instruments  intended  for  furnishing  predse 
measurements  of  the  state  of  the  air  as  regards  moisture  are  called 
hygrometers.     They  may  be  divided  into  four  classes: — 

1.  Hygrometers  of   absorption,  which  should    rather    be   called 

hygroscopes. 

2.  Hygrometers  of  condensation,  or  dew-point 
instrumenta 

3.  Hygrometers  of  evaporation,  or  wet  and 
dry  bulb  thermometers. 

1  4.  Chemical  hygrometers,  for  directly  measur- 

ing the  weight  of  vapour  in  a  given  volume  of 
air. 

289.  De  Saussure's  Hygrometer. — The  best 
hygrometer  of  absorption  is  that  of  De  Saussure, 
consisting  of  a  hair  deprived  of  grease,  which  by 
its  contractions  moves  a  needle  (Fig.  266).  When 
the  hair  relaxes,  the  needle  is  caused  to  move  in 
De  sauMure/SgroMope.     the  opposito  dircctiou  by  a  weight,  which  serves 

to  keep  the  hair  always  equally  tight.  The  hair 
contracts  as  the  humidity  increases,  but  not  in  simple  proportion, 
and  Regnault's  investigations   have  shown  that,  unless  the  most 
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iniimte  precautions  are  adopted  in  the  coriBtructlon  and  graduatioD 
of  each  individual  instrument,  this  hygrometer  will  not  furnish 
definite  numerical  measures. 

Fig.  267  represents  Mon- 
nier's  modification  of  Be  Saus- 
sure's  hygrometer,  in  which 
the  hair,  after  passing  over 
four  pulleys,  is  attached  to  a 
light  spring,  which  serves  in- 
stead of  a  weight,  and  gives 
the  advantage  of  portabi- 
lity. 

These  instruments  are  never 
employed  for  scientific  pur- 
poses in  this  country. 

290.  Dew-point  Hygrometers. 
— These  are  instruments  for 
the  direct  observation  of  the 

dew-point,  by  causing  moist-  Rg.  aaT.-MonniH'.  nTg™»[». 

ure  to  be  condensed  from  the 

air  upon  the  surface  of  a  body  artificially  cooled  to  a  known  tempera- 
ture. 

The  dew-point,  which  is  itself  an  important  element,  gives  di- 
rectly, as  we  have  seen  in  §  286,  the  tension  of  vapour;  and  if  the 
temperature  of  the  air  is  at  the  same  time  observed,  the  tension 
requisite  for  saturation  ia  known.  The  ratio  of  the  former  to  the 
hitter  detenoines  the  humidity. 

The  principle  of  these  instruments  may  be  illustrated  by  a  descrip- 
tion of  their  simplest  type,  the  hygrometer  of  Leroy,  a  French 
philosopher  of  the  last  century. 

291,  Leroy's  Hygrometer. — The  instrument  con- 
^ts  of  a  tin  vessel  containing  water,  in  which  a 
thermometer  is  immersed  The  temperature  of 
the  water  and  containing  vessel  is  gradually 
lowered  by  the  introduction  of  ice,  and  when  it 
has  fallen  below  the  dew-point  of  the  adjacent  ^^^  ._  utrrtmMa 
air,  a  portion  of  the  vapour  will  be  condensed  as 
dew  upon  the  exterior  of  the  vesseL  This  is  at  ouce  recognized  by 
the  metallic  surface  losing  its  brilliancy. 

"We  may  observe  that  the  deposition  of  dew  does  not  begin  till  the 
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point  of  saturation  has  been  passed,  and  that  the  indication  of  the 
thermometer  is  consequently  somewhat  too  low.  Leroy  proposed  an 
empirical  correction  of  half  a  degree.  There  are,  however,  other 
defects  in  the  instrument ;  the  use  of  ice  does  not  afford  a  speedy 
and  regular  diminution  of  temperature;  and  it  is  especially  objection- 
able to  place  an  open  vessel  containing  water  in  the  very  place  where 
the  humidity  of  the  air  is  to  be  determined 

292.  Daniell's  Hygrometer. — Daniell's  hygrometer  is  an  instrument 
of  much  greater  precision,  and  has  been  very  extensively  used.  It 
consists  of  a  bent  tube  with  a  globe  at  each  end,  and  is  partly  filled 
with  ether.     The  rest  of  the  space  is  occupied  with  vapour  of  ether, 

the  air  having  been  expelled.      One  of  the 

1--^t--nl  globes  A  contains  a  thermometer  t    This  globe 

II     Cm^      ^  generally  made  of  black  glass,  which  presents 
Hi     ^^        a  brilliant  surface.     The  method  of  using  the 
^{||  instrument  is  as  follows: — The  whole  of  the 

ini  liquid  is  first  passed  into  the  globe  A,  and  then 

^&  the  other  globe  B,  which  is  covered  with  muslin, 

Xi^^^rHji^^^  ^^  moistened  externally  with  ether.  The  evapo- 
'''^^^Bj^^^^^    ration  of  this  ether  from  the  muslin  causes  a 

partial  condensation  of  vapour  of  ether  in  the 
Danieu's  Uygxometar.        interior  of  the  globo,  which  produces  a  fresh 

evaporation  from  the  surface  of  the  liquid  in  A, 
thus  lowering  the  temperature  of  that  part  of  the  instrument  By 
carefully  watching  the  surface  of  the  globe,  the  exact  moment  of 
the  deposition  of  dew  may  be  ascertained.  The  temperature  is  then 
read  on  the  inclosed  thermometer.  This  temperature  is  a  little  lower 
than  the  dew-point. 

If  the  instrument  be  now  left  to  itself,  the  exact  moment  of  the 
disappearance  of  the  dew  may  be  observed ;  this  corresponds  to  an 
indicated  temperature  a  little  above  the  dew-point,  and  the  usual 
plan  is  to  take  the  mean  between  this  temperature  and  that  first 
observed.  The  temperature  of  the  surrounding  air  is  given  by  a 
thermometer  if  attached  to  the  stand. 

Daniell's  hygrometer,  though  capable  of  furnishing  accurate  in- 
dications, has  some  defects,  which  havie  been  removed  by  the  improve- 
ments effected  by  Regnault. 

293.  Begnanlt's  Hygrometer. — Regnault's  hygrometer  consists  (Fig. 
270)  of  a  glass  tube  closed  at  the  bottom  by  a  very  thin  silver  cap  D. 
The  opening  at  the  upper  end  is  closed  by  a  cork,  through  which 
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j)assea  the  stem  of  a  thermometer  T,  and  a  glass  tube  t  open  at  both 
ends.  Tlie  lower  end  of  the  tube  and  the  bulb  of  the  thermometer 
(lip  into  ether  contained  in  the  silver  cap.  A  side  tube  establishes 
coiumuiiicatioa  between  this  part  of  the  apparatus  and  a  vertical 
tube  UV,  which  is  itself  connected  with  an  aspirator'  A,  placed  at  a 

T 

I        I 


Fig.  2T0.— RsgDtiilt't  BjKromitsr. 

convenient  distance.  By  allowing  the  water  in  the  aspirator  to 
escape,  a  current  of  air  is  produced  through  the  ether,  which  has  the 
effect  of  keeping  the  liquid  in  agitation,  and  thus  pi-oducing  uniform- 
ity of  temperature  throughout  the  whole.  It  also  tends  to  hasten 
evaporation ;  and  the  cold  thus  produced  speedily  causes  a  deposition 
of  dew,  which  is  observed  from  a  distance  with  a  telescope,  thus 
obviating  the  risk  of  vitiating  the  observation  by  the  too  close 
proximity  of  the  observer.  The  observation  is  facilitated  by  the 
contrast  offered  by  the  appearance  of  the  second  cap,  which  has  no 
communication  with  the  first,  and  contains  a  thermometer  for  giving 
tli6  temperature  of  the  external  air.  By  regulating  the  flow  of  liquid 
from  the  aspirator,  the  temperature  of  the  ether  can  be  very  nicely 
controlled,  and  the  dew  can  be  made  to  appear  and  disappear  at 
temperatures  nearly  identical.  The  mean  of  the  two  will  then  very 
accurately  represent  the  dew-point. 

The  liquid  employed  in  Regnault's  hygrometer  need  not  be  ether. 

'  &n  lupinttor  [>  a  ^ewd  into  nUch  ur  in  tucked  at  the  top  to  supply  the  place  of  water 
which  is  allowed  to  escape  aC  the  bottom;  or,  more  generally,  it  i«  any  apparatus  foe  aucking 
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Alcohol,  a  much  less  voktlle  liquid,  will  suffice.  This  is  an  importAiit 
advantage ;  for,  since  the  boiliog-point  of  ether  is  36°  C.  (97°  F.),  it  is 
not  easy  to  preserve  it  in  liot  climates. 

294.  Wet  and  Dry  Bulb  Hj^rometer. — This  instrument^  -which  is 

also  called  Mason's  hygrometer,  and  is  known  on  the  Continent  as 

August's  psyehrometer,  consists  (Fig.  271)  of  two  precisely  similar 

thermometers,  mounted  at  a  short  distance  from  each  other,  the  bnlb 

of  one  of  them  heing  covered  with  muslin, 

which  is  kept  mobt  by  means  of  a  cotton 

wick  leading  from  a  vessel  of  water.     The 

evaporation   which   takes   place  from    the 

moistened   bulb   produces   a  depression  of 

temperature,  so  that  this  thermometer  reads 

lower  than  the  other  by  an  amount  which 

increases  with  the  dryness  of  the  air.     The 

instrument  must  be  mounted  in  such  a  way 

that  the  air  can  circulate  very  freely  around 

the  wet  bulb;  and  the  vessel  containing  the 

water  should  be  small,  and  should  be  placed 

some  inches  to  the  side.     The  level  of  this 

vessel  must  be  high  enough   to  furnish  a 

supply  of  water  which  keeps  the  muslin 

thoroughly  moist,  but  not  high  enough  to 

cause  a  drop  to  form  at  the  bottom  of  the 

.  -"'     bulb.    Unless  these  precautions  are  observed, 

the  depression  of  temperature  will  not  be 

Wot  ind  Dr'ThennometMi.       Sufficiently  great,  especially  in  calm  weather. 

In  frosty  weather  the  wick  ceases  to  act, 

and  the  bulb  must  be  dipped  in  water  some  time  before  taking  an 

obsei-vation,  so  that  all  the  water  on  the  bulb  may  be  frozen,  and  a 

little  time  allowed  for  evaporation  from  the  ice  before  the  reading  is 

taken. 

The  great  facility  of  observation  afforded  by  this  instrument  has 
brought  it  into  general  use,  to  the  practical  exclusion  of  other  forms 
of  hygrometer.  As  the  theoretical  relation  between  the  indications 
of  its  two  thermometers  and  the  humidity  as  well  as  the  dew-point 
of  the  ajr  is  rather  complex,  and  can  scarcely  be  said  to  be  known 
with  certainty,  it  is  usual,  at  least  in  this  countiy,  to  effect  the 
reduction  by  means  of  .tables  which  have  been  empirically  constructed 
by  comparison  with  the  indications  of  a  dew-point  instrument.    The 
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tables  universally  employed  by  British  observers  were  constructed 
by  Mr.  Glaisher,  and  are  based  upon  a  comparison  of  the  simultaneous 
readings  of  the  wet  and  dry  bulb  thermometers  and  of  Daniell's 
hygrometer  taken  for  a  long  series  of  years  at  Greenwich  observatory, 
combined  with  some  similar  observations  taken  in  India  and  at 
Toronto.^ 

According  to  these  tables,  the  difference  between  the  dew-point 
and  the  wet-bulb  reading  bears  a  constant  ratio  to  the  difference 
between  the  two  thermometers,  when  the  temperature  of  the  dry- 
bulb  thermometer  is  given.  When  this  temperature  is  53°  F.,  the 
dew-point  is  as  much  below  the  wet-bulb  as  the  wet-bulb  is  below 
the  temperature  of  the  air.  At  higher  temperatures  the  wet-bulb 
reading  is  nearer  to  the  dew-point  than  to  the  air-temperature,  and 
the  reverse  is  the  case  at  temperatures  below  53^ 

In  order  to  obtain  a  clue  to  the  construction  of  a  rational  formula 
for  deducing  the  dew-point  from  the  indications  of  this  instrument, 
we  shall  assume  that  the  wet^bulb  is  so  placed  that  its  temperature 
is  not  sensibly  affected  by  radiation  from  surrounding  objects,  and 
hence  that  the  heat  which  becomes  latent  by  the  evaporation  from 
its  surface  is  all  supplied  by  the  surrounding  air.  When  the  tem- 
perature of  the  wet-bulb  is  falling,  heat  is  being  consumed  by  eva- 
poration faster  than  it  is  supplied  by  the  air ;  and  the  reverse  is  the 
case  when  it  is  rising.  It  will  suflSce  to  consider  the  case  when  it  is 
stationary,  and  when,  consequently,  the  heat  consumed  by  evapo- 
ration in  a  given  time  is  exactly  equal  to  that  supplied  by  the 
air. 

Let  t  denote  the  temperature  of  the  air,  which  is  indicated  by  the 
dry-bulb  thermometer;  t'  the  temperature  of  the  wet-bulb;  T  the 
temperature  of  the  dew-point,  and  let/,/,  F  be  the  vapour- tensions 
corresponding  to  saturation  at  these  three  temperatures.  Then,  as 
shown  in  §  286,  the  tension  of  the  vapour  present  in  the  air  at  its 
actual  temperature  t  is  also  equal  to  F. 

We  shall  suppose  that  wind  is  blowing,  so  that  continually  fresh 
portions  of  air  come  within  the  sphere  of  action  of  the  wet-bulb. 
Then  each  particle  of  this  air  experiences  a  depression  of  temperature 
and  an  increase  of  vapour- tension  as  it  comes  near  the  wet-bulb,  from 
both  of  which  it  afterwards  recovers  as  it  moves  away  and  mixes 
with  the  general  atmosphere. 

*  The  first  edition  of  these  Tables  differs  considerably  from  the  rest,  and  is  never  used; 
but  there  has  been  no  material  alteration  since  the  second  edition  (1856). 
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If  now  it  is  legitimate  to  assume^  that  this  depression  of  tempera- 
ture and  exaltation  of  vapour-tension  are  always  proportional  to  one 
another,  not  only  in  comparing  one  particle  with  itself  at  diflFerent 
times,  but  also  in  comparing  one  particle  with  another,  we  have  the 
means  of  solving  our  problem ;  at  all  events,  if  we  may  make  the 
additional  assumptions  that  a  portion  of  the  air  close  to  the  wet- 
bulb  is  at  the  temperature  of  the  wet-bulb,  and  is  saturated. 

On  these  assumptions  the  greatest  reduction  of  temperature  of  the 
air  is  t—t\  and  the  greatest  increase  of  vapour-tension  is/'— F,  and 
the  corresponding  changes  in  the  whole  mass  are  proportional  to 
thesa  The  three  temperatures  t,  t\  T  must  therefore  be  so  related, 
that  the  heat  lost  by  a  mass  of  air  in  cooling  through  the  range  t — 1\ 
is  just  equal  to  the  heat  which  becomes  latent  in  the  formation  of  as 
much  vapour  as  would  raise  the  vapour-tension  of  the  mass  by  tht* 
amount  /— F. 

Let  h  denote  the  height  of  the  barometer,  s  the  specific  heat  of 
air  (Chap,  xxxi.),  D  the  relative  density  of  vapour  (§  278a.),  L  the 
latent  heat  of  steanL 

Then  the  mass  of  the  air  is  to  that  of  the  vapour  required  to  pro- 
duce the  additional  tension,  as  h  to  D  (/'— F),  and  we  are  to  have 

or 

/'-F  =  («-O^.I^,  (1) 

which  is  the  required  formula,  enabling  us,  with  the  aid  of  a  table 
of  vapour-tensions,  to  determine  F,  and  therefore  the  dew-point  T, 
when  the  temperatures  t,  t'  of  the  dry  and  wet  bulb,  and  the  height  h 
of  the  barometer,  have  been  observed.  The  expression  for  the  rela- 
tive humidity  will  be  -^  100. 

Properly  speaking,  s  denotes  the  specific  heat  not  of  dry  air  but  of 
air  containing  the  actual  amount  of  vapour,  and  therefore  depends 
to  some  extent  upon  the  very  element  which  is  to  be  determined ; 
but  its  variation  is  inconsiderable.     L  also  varies  with  the  knoM^n 

*  The  assumption  which  Dr.  Apjohn  actually  makes  is  as  follows: — "When  in  the  moist - 
bulb  hygi*ometer  the  stationary  temperature  is  attained,  the  caloric  which  Tapoiizes  the 
water  is  necessarily  exactly  equal  to  that  which  the  air  imparts  in  descending  from  the 
temperature  of  the  atmosphere  to  that  of  the  moistened  bulb ;  and  the  air  which  has  under- 
gone this  reduction  becomes  saturated  with  moisture"  {J^ram.  R.I. A.     Nov.  1834). 

This  implies  that  unless  air  passes  near  enough  to  the  wet-bulb  to  become  completely 
saturated,  it  experiences  no  depression  of  temperature  whatever — a  very  harsh  supposition, 
but  August  independently  makes  the  same  assumption. 
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quantity  f,  but  its  variations  are  also  small  within  the  limits  which 
occur  in  practice.  The  factor  jp  may  therefore  be  regarded  as  con- 
stant, and  ita  value,  as  adopted  by  Dr.  Apjohn  for  the  Fahrenheit 
scale,  is  ^^^^  or  35  "gr-  We  thus  obtain  what  is  known  as  Apjohn'e 
formula. 

When  the  web-bulb  is  frozen,  L  denotes  the  sum  of  the  latent  heats 
of  liquefaction  and  vaporization,  and  the  formula  becomes 

In  calm  weather,  and  also  in  very  dry  weather,  the  humidity,  as 
deduced  from  observations  of  wet  and  dry  thermometers,  is  generally 
too  great,  probably  owing  mainly  to  the  radiation  from  surrounding 
objects  on  the  wet-bulb,  which  makes  its  temperature  too  high. 

295.  Chemical  Hygrometer. — The  determination  of  the  quantity  of 
aqueous  vapour  in  the  atmosphere  may  be  effected  by  ordinary 
chemical  analysis  in  the  following  manner; — 

An  aspirator  A,  of  the  capacity  of  about  50  litres,  communicates  at 
its  upper  end  with  a  system  of  U-tubes  1,  2,  3,  4,  5,  6,  filled  with 


pieces  of  pumice  soaked  in  sulphuric  acid.     The  aspirator  being  full 
of  water,  the  stop-cock  at  the  bottom  is  opened,  and  the  air  which 
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enters  the  aspirator  to  take  the  place  of  the  water  is  obliged  to  pass 
through  the  tubes,  where  it  leaves  all  its  moisture  behind  This 
moisture  is  deposited  in  the  fii-st  tubes  only.  The  last  tube  is 
intended  to  absorb  any  moisture  that  may  come  from  the  aspirator. 
Suppose  w  to  be  the  increase  of  weight  of  the  first  tubes  4,  5,  6 ;  this 
is  evidently  the  weight  of  the  aqueous  vapour  contained  in  the  air 
which  has  passed  through  the  apparatus.  The  volume  V  of  this  air, 
which  we  will  suppose  to  be  expressed  in  litres,  may  easily  be  found 
by  measuring  the  amount  of  water  which  has  escaped.  This  air 
has  been  again  saturated  by  contact  with  the  water  of  the  aspirator, 
and  the  aqueous  vapour  contained  in  it  is  consequently  at  the  maxi- 
mum tension  corresponding  to  the  temperature  indicated  by  a  ther- 
mometer attached  to  the  apparatus.  Let  this  tension  be  denoted 
by  /.  The  volume  occupied  by  this  air  when  in  the  atmosphere, 
where  the  temperature  is  T,  is  known  by  the  regular  formulsB  to  have 
been 

^    H-/    l+oT 
H-jc    l  +  at 

X  denoting  the  tension  of  the  aqueous  vapour  in  the  atmosphere,  and 
H  the  total  atmospheric  pressure  as  indicated  by  the  barometer;  and, 
since  the  relative  density  of  steam  is  -622,  and  the  weight  of  a  litre 
of  air  at  temperature  O''  C.  and  pressure  760  mm.  is  1*293  gramme, 
the  weight  of  vapour  which  this  air  contained  must  have  been 

y    H-/    l  +  ^x  1-293 X  -622  .  ^^  .  -J-^, 
H-a;     \  +  at  760     1  +  aT 

which  must  be  equal  to  the  known  weight  w,  and  thus  we  have  an 
equation  from  which  we  find 

«?(l+aO  760  H 


«=: 


V(H-/)  X  •622x  1*293  +  w  (l+oO  760* 

A  good  approximation  will  be  obtained  by  writing 


whence 


to  =  V  X  1-293  X -622 -|-, 


a;=945|. 


This  method  has  all  the  exactness  of  a  regular  chemical  analysis, 
but  it  involves  great  labour,  and  is,  besides,  incapable  of  showing 
the  sudden  variations  which  often  occur  in  the  humidity  of  the 
atmosphere.  It  can  only  give  the  mean  quantity  of  moisture  in  a 
given  volume  of  air  during  the  time  occupied  by  the  experiment 
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Its  accuracy,  however,  renders  it  peculiarly  suitable  for  checking  the 
results  obtained  by  other  methods. 

S96.  Weight  of  a  given  Volume  of  Moist  Air. — The  laws  of  vapours 
and  the  known  formulae  of  expansion  enable  us  to  solve  a  problem 
of  very  frequent  occurrence,  namely,  the  determination  of  the  weight 
of  a  given  volume  of  moist  air.     Let  V  denote  the  volume  of  this  i 

air,  H  its  pressure,  /  the  tension  of  the  vapour  of  water  in  it,  and  t 
its  temperature.  The  entire  gaseous  mass  may  be  divided  into  two 
parts,  a  volume  V  of  dry  air  at  the  temperature  t  and  the  pressure 
H— /*  whose  weight  is,  by  the  known  formulae, 


Vx  1-293  X 


1      H-/ 


l  +  at*    760' 


and  a  volume  V  of  aqueous  vapour  at  the  temperature  t  and  the 
pressure  /;  the  weight  of  this  latter  is 

^M  V  1 .009  w        ^  / 


^Vx  1-293  X 


8  l  +  a«    760 

The  sum  of  these  two  weights  is  the  weight  required,  viz. 

1        H-|/ 
V  X  1-293  X  j^^.-yg-Q-. 

297.  Ratio  of  the  Volumes  occ^upied  by  the  same  Air  when  saturated 
at  Different  Temperatures  and  Pressures. — Suppose  a  mass  of  air  to 
be  in  presence  of  a  quantity  of  water  which  keeps  it  always  saturated; 
let  H  be  the  total  pressure  of  the  saturated  air,  t  its  temperature,  and 

V  its  volume. 

At  a  different  temperature  and  pressure  H  and  H',  the  volume 
occupied  V  will  in  general  be  different.     The  two  quantities  V  and 

V  may  be  considered  as  the  volumes  occupied  by  a  mass  of  dry  air 
at  temperatures  t  and  if  and  pressures  H— /  and  H'— /';  we  have  then 
(§  201)  the  relation 

V_H'-/'     1  +  at  .,x 

v'""ir7T+^  ^^ 

In  passing  from  one  condition  of  temperature  and  pressure  to  another, 
it  may  be  necessary,  for  the  maintenance  of  saturation,  that  a  new 
quantity  of  vapour  should  be  formed,  or  that  a  portion  of  the  vapour 
should  be  condensed,  or  again,  neither  the  one  nor  the  other  change 
may  take  place.  To  investigate  the  conditions  on  which  these  alter- 
natives depend,  let  D  and  D'  be  the  maximum  densities  of  vapour  at 
the  temperatures  t  and  H  respectively.     Suppose  we  have  f  >^,  and 
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that,  without  altering  the  pressure  /,  the  temperature  of  the  vapour 
is  raised  to  t\  all  contact  with  the  generating  liquid  being  prevented 
The  vapour  will  no  longer  remain  saturated ;  but,  on  increajdng  the 
pressure  to  /',  keeping  the  temperature  unchanged,  saturation  will 
again  be  produced.  This  latter  change  does  not  alter  the  actual 
quantity  of  vapour,  and  if  we  suppose  its  coefficient  of  expansion  to 
be  the  same  as  that  of  aii*,  we  shall  have  (§  201) 

and,  by  multiplying  together  equations  (1)  and  (2),  we  have 

From  this  result  the  following  particular  conclusions  may  be  de- 
duced:— 

1.  If  Hy=H/',  VD  =  V'D',  that  is,  the  mass  of  vapour  is  the  same 
in  both  cases;  consequently,  neither  condensation  nor  evaporation 
takes  place. 

2.  If  H'/>  H/',  VD>  V'D',  that  is,  partial  condensation  occura 

3.  If  H'/  <H/",  VD  <V'D',  that  is,  a  fresh  quantity  of  vapour  is 
required  to  maintain  saturation.  In  this  case  the  formula  (1)  can 
only  be  applied  when  we  are  sure  that  there  is  a  sufficient  excess  of 
liquid  to  produce  the  fresh  quantity  of  vapour  which  is  required. 

The  general  formulae  (1),  (2),  (3)  furnish  the  solution  of  many 
particular  problems  which  may  be  proposed  by  selecting  some  one 
of  the  variables  for  the  unknown  quantity. 

298.  Aqueous  Meteors. — The  name  meteor,  from  the  Greek,  furfwpoc, 
aloft,  though  more  especially  applied  to  the  bright  objects  oth^wise 
called  shooting-stars  and  their  like,  likewise  includes  all  the  various 
phenomena  which  have  their  seat  in  the  atmosphere;  for  example, 
clouds,  rain,  and  lightning.  This  use  of  the  word  meteor  is  indeed 
somewhat  rare ;  but  the  correlative  term  meteorology  is  invariably 
employed  to  denote  the  science  which  treats  of  these  phenomena^  in 
fact,  the  science  of  mutters  pertaining  to  tveather.  ■ 

By  aqueous  meteors  are  to  be  understood  the  phenomena  which 
result  from  the  condensation  of  aqueous  vapour  contained  in  the  air, 
such  as  rain,  dew,  and  fog.  This  condensation  may  occur  in  either 
of  two  ways.  Sometimes  it  is  caused  by  the  presence  of  a  cold  body, 
which  reduces  the  film  of  air  in  contact  with  it  to  a  temperature 
below  the  dew-point,  and  thus  produces  the  liquefaction  or  solidifica- 
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tion  of  a  portion  of  its  vapour  in  the  form  of  dew  or  hoar-frost.  The 
circumstances  connected  with  the  formation  of  dew  will  be  treated 
in  Chapter  xxix.  All  that  we  need  remark  now  is  that  it  essentially 
consists  in  the  depc^tion  of  moisture  on  the  very  body  whose  low 
temperature  causes  the  condensation. 

When,  on  the  contrary,  the  condensation  of  vapour  takes  place  in 
the  interior  of  a  large  mass  of  air,  the  resulting  liquid  or  solid  falls 
in  obedience  to  gravity.     This  is  the  origin  of  rain  and  snow. 

299.  Cloud  and  Mist. — When  vapour  is  condensed  in  the  midst  of 
the  air,  the  first  product  is  usually  raiat  or  cloudy  a  cloud  being 
merely  a  mist  at  a  great  elevation  in  the  air. 

Natural  clouds  are  similar  in  constitution  to  the  cloudy  substance 
which  passes  off  from  the  surface  of  hot  water,  or  which  escapes  in 
puffs  from  the  chimney  of  a  locomotive.  In  common  language  this 
substance  is  often  called  steam  or  vapour,  but  improperly,  for  steam 
is,  like  air,  transparent  and  invisible,  and  the  appearance  in  question 
is  produced  by  the  presence  of  particles  of  liquid  water,  which  have 
been  formed  from  vapour  by  cooling  it  below  its  dew-point. 

Naturalists  are  not  agreed  as  to  the  nature  of  these  particles,  the 
difference  of  opinion  having  arisen  in  the  attempt  to  explain  their 
suspension  in  the  atmosphere.  Some  have  endeavoured  to  account 
for  it  by  maintaining  that  they  are  hollow  ;^  but  even  if  we  could 
conceive  of  any  causes  likely  to  lead  to  the  formation  of  such  bubbles, 
it  would  furnish  no  solution  of  the  diflSculty,  for  the  air  inclosed  in 
a  bubble  is  no  rarer,  but  in  fact  denser,  than  the  external  air  (§  97  b); 
the  bubble  and  its  contents  are  therefore  heavier  than  the  air  which 
it  displaces. 

It  is  more  probable  that  the  particles  are  soKd  spheres  differing 
only  in  size  from  rain-drops.  It  has  been  urged  against  this  view, 
that  such  drops  ought  to  exhibit  rainbows,  and  the  objection  must 
be  allowed  to  have  some  weight.  The  answer  to  it  is  probably  to 
be  found  in  the  excessive  smallness  of  the  globules.  Indeed,  the  non- 
occurrence of  bows  may  fairly  be  alleged  as  proving  that  the  dia- 
meters of  the  drops  are  comparable  with  the  lengths  of  waves  of 
light 

This  smallness  of  the  particles  is  amply  sufficient  to  explain  all  the 
observed  facts  of  cloud  suspension,  without  resorting  to  any  special 
theory.     It  probably  depends  on  the  same  principle  as  the  suspension 

^  Tboee  who  adopt  this  view  call  them  vesicles  {vesica,  a  bladder),  and  call  mist  or  cloud 
vapour  in  the  vesicular  stale. 
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of  the  motes  which  are  rendered  visible  when  a  beam  of  sunlight 
traverses  a  darkened  room.  It  is  true  that  these  motes,  which  are 
small  particles  of  matter  of  the  most  various  kinds,  are  never  seen 
resting  stationary  in  the  air;  but  neither  are  the  particles  wbich 
compose  clouds.  All  who  have  ever  found  themselves  in  mountain 
mists  must  have  observed  the  excessive  mobility  of  their  constituent 
parts,  which  yield  to  the  least  breath  of  wind,  and  are  carried  about 
by  it  like  the  finest  dust  Sometimes,  indeed,  clouds  have  the 
appearance  of  being  fixed  in  shape  and  position ;  but  this  is  an 
illusion  due  to  distance  which  renders  small  movements  invisible 
In  many  cases,  the  fixity  is  one  of  form  and  not  of  material ;  for 
example,  the  permanent 
cloud  on  a  mountain-top 
often  consbts  of  succes- 
sive portions  of  air,  which 
become  cloudy  by  con- 
densation as  they  pass 
through  the  cold  region 
at  the  top  of  the  moun- 
tain, and  recover  their 
transparency  as  they  pass 
Fig.  2;s.— citiiu.  away. 

300.  VarietieB  of  Cload. 
— The  cloud  nomenclature  generally  adopted  by  meteorologists  was 
devised  by  Howard,  and  is  contained  in  his  work  on  the  climate  of 
liOndon.  The  fundamen- 
tal forms,  according  to 
him,  are  three — citrus, 
cumulvs,  and  ativtus. 

1.  Ch-ma  consists  of 
fibrous,  wispy,  orfeathery 
clouds,  occupying  the 
highest  region  of  tJie  at- 
mosphere. The  name 
mare'a-taila,  which  is 
Fig.  274.-ciuiiuiuj.  given   them   by  sailors 

describes  their  aspect 
well.  They  are  higher  than  the  greatest  elevations  attained  by 
balloons,  and  are  probably  composed  of  particles  of  ice.  It  is  in 
this  species  of  cloud,  and  its  derivatives,  that  haloes  are  usually 
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seen ;  and  tbeir  observed  forms  and  dimensions  seem  to  agree  with 
the  supposition  that  they  are  formed  by  refractions  and  reflections 
from  ice-crystals. 

2.  Cumulus  consists  of  rounded  masses,  convcK  above  and  com- 
paratively fiat  below.  Their  form  bears  a  strong  resemblance  to 
heaps  of  cotton  wool,  hence  the  names  halU  of  cotton  and  wool-'packs  . 
applied  to  these  clouds  by  sailors.  They  are  especially  prevalent  in 
summer,  and  are  probably  formed  by  columns  of  ascending  vapour 
which  become  condensed  at  their  upper  extremities. 

3.  Stratus  consists  of  horizontal  sheets.     Its  situation  is  low  in  the 
atmosphere,  and  its  formation  is  probably  due  to  the  cooling  of  the 

earth  and  the  lower  por- 
tion of  the  air  by  radia- 
tion. It  is  very  frequeatlj' 
formed  at  sunset,  and  dis- 
appears at  sunrise. 

Of    the    intermediate 

forms  it  may  suffice  to 

mention  cirro-cumulus, 

which  floats  at  a  higher 

level  than  cumulus,  and 

Fig.  27s.-aiij«m  consists  usually  of  small 

roundish  masses  disposed 

with  Eome  degree  of  regularity.     This  is  the  cloud  which  forms  wliat 

is  known  an  a  mackerel  sky. 

Aa  a  distinct  form  not  included  in  Howard's  classification,  may  he 
mentioned  scud,  theehar- 
acteristic  of  which  is  that, 
from  its  low  elevation,  it 
appears  to  mov5  with 
excessive  rapidity. 

Howard  gives  the  name 
of  nimbus  to  any  cloud 
which  is  dischai^ng  rain; 
and,  for  no  very  obvious 
reason,  he  regards  this 
Fig.  E7a.— Nimbiu.  rain-cloudascompounded 

of  (or   intermediate  be- 
tween) the  three  elementary  types  above  defined. 

The  classification  of  clouds  is  a  subject  which  scarcely  admits  of 
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precise  treatment;  the  varieties  are  so  endless,  and  they  shade  so 
gradually  into  one  another. 

301.  CauBes  of  the  Formation  of  Cloud  and  Mist. — Since  clouds  are 
merely  condensed  vapour,  their  formation  is  regulated  by  the  causes 
which  tend  to  convert  vapour  into  liquid.  Such  liquefaction  implies 
the  presence  of  a  quantity  of  vapour  greater  than  that  which,  at  the 
actual  tempei-ature,  would  be  sufficient  for  saturation,  a  condition  of 
things  which  may  be  brought  about  by  the  cooling  of  a  mass  of  moist 
air  in  any  of  the  following  ways: — 
•    (1.)  By  radiation  from  the  mass  of  air  to  the  cold  sky. 

(2.)  By  the  neighbourhood  of  cold  ground,  for  example,  mountain- 
tops. 

(3.)  By  the  cooling  effect  of  expansion,  when  the  mass  of  air  ascends 
into  regions  of  diminished  pressure.  This  cooling  of  the  ascending 
mass  is  accompanied  by  a  corresponding  warming  of  the  air  which 
descends,  it  may  be  in  some  distant  locality,  to  supply  its  place. 

Causes  (2)  and  (3)  combine  to  produce  the  excessive  rainfiJl 
which  generally  characterizes  mountainous  districts.* 

It  is  believed  that  waterspouts  are  produced  by  the  rapid  ascent 
of  a  stream  of  air  up  the  axLs  of  an  aerial  vortex. 

(4.)  By  the  contact  and  mixture  of  cooler  air.^  It  is  obvious,  how- 
ever, that  this  cooler  air  must  itself  be  warmed  by  the  process;  and 
as  both  the  temperature  and  vapour-density  of  the  mixture  will  be 
intermediate  between  those  of  the  two  components,  it  does  not  obvi- 
ously follow  (as  is  too  often  hastily  assumed)  that  such  contact  tends 
to  produce  precipitation.  Such  is  however  the  fact,  and  it  depends 
upon  the  principle  that  the  density  of  saturation  increases  &£ter 
than  the  temperature;  or,  what  is  the  same  thing,  that  the  curve 
in  which  temperature  is  the  abscissa  and  maximum  vapour-density 
the  ordinate,  is  everywhere  concave  upwarda 

It  will  be  sufficient  to  consider  the  case  of  the  mixing  of  two  equal 
volumes  of  saturated  air  at  different  temperatures,  which  we  vill 
denote  by  t^  and  t^.  Let  the  ordinates  A  A',  BB'  represent  the 
densities  of  vapour  for  saturation  at  these  temperatures,  A'mB' 
being  the  intermediate  portion  of  the  curve,  and  C  m  the  ordinate 

^  The  rainiest  place  at  present  known  in  Great  Britain  is  about  a  mile  south  of  Seft- 
thwaite  in  Cumberland,  where  the  annual  rainfall  is  about  165  inches.  The  rainiest  place  in 
the  world  is  believed  to  be  Cherra  Ponjee,  in  the  Khasyah  Mountains,  about  300  miks  N.E- 
of  Calcutta,  where  the  annual  fall  is  about  610  inches. 

^  Contact  with  cooler  air  may  be  regarded  as  equivalent  to  mixing :  for  vapour  diifuses 
readily. 
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at  the  middle  point  of  AB,  representiDg  therefore  the  density  of 
saturation  for  the  temperature  ^(t^+t^).  When  the  equal  volumes 
are    mixed,    since    the    colder    iTiass    is 

slightly  the  greater,  the   temperature   of  ^ 

the  mixture  will  be  something  less  than 

i(^i+^a)»  ^^^*  ^^  there  were  no  conden- 
sation of  vapour,  the  density  of  vapour 
in  the  mixture  would  be  i(AA'  +  BB') 
=  C7i.  But  the  density  for  saturation 
is  something  less  than  Cm.  The  excess 
of  vapour  is  therefore  represented  by 
something  more  than  mn.     The  amount  Pig.  276  a. 

actually  precipitated  will,  however,  be  less 

than  this,  since  the  portion  which  is  condensed  gives  out  its  latent 
heat,  and  thus  contributes  to  keep  up  the  temperature  of  the 
whole. 

The  cause  here  indicated  combines  with  (3)  to  produce  condensa- 
tion when  masses  of  air  ascend. 

On  the  surface  of  the  earth  mists  are  especially  frequent  in  the 
morning  and  evening;  in  the  latter  case  extending  over  all  the  sur- 
face ;  in  the  former  principally  over  rivers  and  lakes.  The  mists  of 
evening  are  due  simply  to  the  rapid  cooling  of  the  air  after  the  heat 
of  the  sun  has  been  withdrawn.  In  the  morning  another  cause  is  at 
work.  The  great  specific  heat  of  water  causes  it  to  cool  much  more 
slowly  than  the  air,  so  that  the  vapour  rising  from  a  body  of  water 
enters  into  a  colder  medium,  and  is  there  partly  condensed,  fonning 
a  mist,  which,  however,  confines  itself  to  the  vicinity  of  the  water, 
and  is  soon  dissipated  by  the  heat  of  the  rising  sun. 

302.  Bain. — In  what  we  have  stated  regarding  the  constitution  of 
clouds,  it  is  implied  that  clouds  are  always  raining,  since  the  drops 
of  which  they  are  composed  always  tend  to  obey  the  action  of  gravity. 
But,  inasmuch  as  there  is  usually  a  non-saturated  region  intervening 
between  the  clouds  and  the  surface  of  the  earth,  these  drops,  when 
very  small,  are  usually  evaporated  before  they  have  time  to  reach 
the  ground.  Ordinary  rain-drops  are  formed  by  the  coalescing  of  a 
number  of  these  smaller  particles. 

By  the  amount  of  annual  rainfall  at  a  given  place  is  meant  the 
depth  of  water  that  would  be  obtained  if  all  the  rain  which  falls 
there  in  a  year  were  collected  into  one  horizontal  sheet;  and  the 
depth  of  rain  that  falls  in  any  given  shower  is  similarly  reckoned. 
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It  is  the  depth  of  the  pool  which  vould  be  formed  if  the  ground 
were  perfectly  horizontal,  and  none  of  the  water  could  get  away. 
Tlie  instrument  employeil  for  determining  it  is  called  a  ixiin-gauije. 
It  has  various  forms,  one  of  which  is  represented  in 
the  adjoining  figure.  B  is  a  funnel  into  whi(^  the 
rain  falls,  and  from  which  it  trickles  into  the  reservoir 
A.  It  is  drawn  off  by  means  of  the  stop-cock  t,  and 
measured  in  a  graduated  glass,  each  division  of  which 
corresponds  to  777  ^^  ^"^  vac^i  of  rain.^ 

It  is  essential  that  the  receiving  surface — the  top  of 
the  funnel — should  be  truly  horizontal,  otherwise  the 
gauge  will  catch  too  much  or  too  little  according  t« 
the  direction  of  the  wind. 

The  best  place  for  a  rain-gauge  is  the  centre  of  a 
level  and  open  plot ;  and  the  height  of  its  receiving 
surface  should  be  not  less  than  €  inches,  to  avoid  in- 
Rain^use.        Splashing.     The  roof  of  a  bouse  is  a  bad  place  on  ac- 
count of  the  eddies  which  abound  there, 
A  circumstance  which  has  not  yet  been  fully  explained  is  that  the 
higiier  a  gauge  is  above  the  ground  the  less  rain  it  catches.     In  tlie 
case  of  gauges  on  the  top  of  poles  in  an  open  situation,  the  amount 
collected  is  diminished  by  Vij-th  part  of  itself  by  doubling  the  height 
of  the  receiving  surface,  as  shown  by  comparing  gauges  in  the  same 
plot  of  ground  at  heights  ranging  from  6  inches  to  20  feet" 

By  means  of  tipping-buckets  and  other  arrangements,  automatic 
records  of  rainfall  are  obtained  at  the  principal  observatories.  The 
best  of  these  pluviometers  is  Osier's,  which,  by  means  of  spiral 
springs  stretched  by  the  weight  of  the  water,  fumisbes  a  continuous 
record,  until  a  quarter  of  an  inch  has  been  collected,  when  the 
reservoir  empties  itself,  and  a  fresh  record  begins. 

The  mean  annual  rainfall,  according  to  Mr.  Symons,  ia  20  inches  at 
Lincoln  and  Stamford;  21  at  Aylesbury,  Bedford,  and  Witham;  2+ at 
London  and  Edinburgh ;  30  at  Dublin,  Perth,  and  Salbbury;  33  at 
Exeter  and  Clifton;  35  to  36  at  Liverpool  and  Manchester;  Wat 
Glasgow  and  Cork ;  50  at  Galway;  6i  at  Greenock  and  Inverary;  86 
at  Dartmoor;  and  91  on  Benlomond. 

'  The  beat  work  on  the  subject  of  rain  and  its  me&surenieDt  is  the  little  trentiu  aitill^ 
Rain  by  Jlr.  G.  J.  Symoos,  a  gentleman  who  devotes  his  Ufa  to  the  invegtig»tion  of 
British  MUDfoll.  Mr.  Symona  would  pnibahly  tell  us  that  the  funnel  in  the  above  figure 
ia  too  flat,  and  would  cauae  aome  of  the  nin  to  apUah  out. 

'  This  appears  from  the  table  in  Symons  on  Rain,  p.  19. 
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303.  Snow  and  Hail. — Snow  is  probably  formed  by  the  direct  pas- 
sage of  vapour  into  the  solid  state.  Snow-flakes^  when  examined 
under  the  microscope,  are  always  found  to  be  made  up  of  elements 
possessing  hexagonal  symmetry.  In  Fig.  278  are  depicted  various 
forms  observed  by  Captain  Scoresby  during  a  long  sojourn  in  the 
Arctic  regions. 

In  these  cold  countries  the  air  is  often  filled  with  small  crystals  of 
ice  which  give  rise  to  the  phenomena  of  haloes  and  parhelia. 

Hail  is  probably  due  to  the  freezing  of  rain-drops  in  their  passage 
through  strata  of  air  colder  than  those  in  which  they  were  fonned. 
Even  in  fine  summer  weather,  a  freezing  temperature  exists  at  the 
height  of  from  10,000  to  20,000  feet,  and  it  is  no  unusual  thing  for 
a  colder  stratum  to  underlie  a  warmer,  although,  as  a  general  rule, 
the  temperature  diminishes  in  ascending. 
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805.  Radiation. — When  two  bodies  at  different  temperatures  are 
brought  opposite  to  each  other,  an  unequal  exchange  of  heat  takes 
place  through  the  intervening  distance ;  the  temperature  of  the  hotter 
body  falls,  while  that  of  the  colder  rises,  and  after  some  time  the 
temperature  of  both  becomes  the  same.  This  propagation  of  heat 
across  an  intervening  space  is  what  is  meant  by  radiation,  and  the 

heat  transmitted  under  these  conditions  is  called 
'iudiant  heat  Instances  of  heat  communicated  by 
radiation  are  the  heat  of  a  fire  received  by  a  person 
sitting  in  front  of  it,  and  the  heat  which  the  earth 
receives  from  the  sun. 

This  last  instance  shows  us  that  radiation  as  a 
means  of  propagating  heat  is  independent  of  any 
ponderable  medium.  But  since  the  solar  heat  is 
accompanied  by  light,  it  might  still  be  questioned 
whether  dark  heat  could  in  the  same  way  be  propa- 
gated through  a  vacuum. 

This  was  tested  by  Rumford  in  the  following 
way; — He  constructed  a  barometer  (Fig.  279),  the 
upper  part  of  which  was  expanded  into  a  globe, 
and  contained  a  thermometer  hermetically  sealed 
into  a  hole  at  the  top  of  the  globe,  so  that  the  bulb 
of  the  thermometer  was  at  the  centre  of  the  globe. 
The  globe  was  thus  a  Torricellian  vacuum-chamber. 
By  melting  the  tube  with  a  blow-pipe,  the  globe 
was  separated,  and  was  then  immersed  in  a  vessel 
containing  hot  water,  when  the  thermometer  was  immediately 
observed  to  rise  to  a  temperature  evidently  higher  than  could  be 
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Fig.  270.— Rumford's 
Experiment. 
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due  to  the  conduction  of  heat  through  the  stem.  The  heat  had  there- 
fore been  communicated  by  direct  radiation  through  the  vacuum 
between  the  sides  of  the  globe  and  the  bulb  a  of  the  thermometer. 

306.  Radiant  Heat  travels  in  Straight  Lines. — In  a  uniform  medium 
the  radiation  of  heat  takes  place  in  straight  linea  If,  for  instance, 
between  a  thermometer  and  a  source  of  heat,  there  be  placed  a  num- 
ber of  screens,  each  pierced  with  a  hole,  and  if  the  screens  be  so 
arranged  that  a  straight  line  can  be  drawn  without  interruption  from 
the  source  to  the  thermometer,  the  temperature  of  the  latter  imme- 
diately rises;  if  a  different  arrangement  be  adopted,  the  heat  is 
stopped  by  the  screens,  and  the  thermometer  indicates  no  effect 

The  heat  which  travels  along  any  one  straight  line  is  called  a  ray 
of  heat.  Thus  we  say  that  rays  of  heat  issue  from  all  points  of  the 
surface  of  a  heated  body,  or  that  such  a  body  emits  rays  of  heat 

Such  language  may  be  thought  to  imply  the  hypothesis  that  heat 
is  a  substance  (caloric)  which  is  accumulated  in  bodies,  and  emitted 
by  them  in  all  directions.  A  ray  of  heat  would  thus  consist  of  a 
series  of  molecules  of  caloric  issuing  forth  one  after  the  other  in  a 
straight  line.  But,  in  fact,  the  definition  which  we  have  just  given 
of  a  ray  of  heat  is  independent  of  any  hypothesis,  and  is.  simply 
experimental;  it  amounts  merely  to  the  expression  of  the  incontest- 
able feet  that  the  direction  of  radiation  is  rectilinear.  Whatever 
idea  we  may  form  about  the  nature  of  heat,  it  must  be  such  as  to 
imply  this  rectilinear  propagation. 

It  is  now  generally  admitted  that  both  heat  and  light  are  due  to 
a  vibratory  motion  which  is  transmitted  through  space  by  means  of 
a  fluid  called  ether.  According  to  this  theory  the  rays  of  light  and 
heat  are  lines  drawn  in  all  directions  from  the  origin  of  motion,  and 
along  which  the  vibratory  movement  advances. 

307.  Law  of  Cooling. — It  is  often  important  to  know  the  law 
according  to  which  a  body  cools  when  placed  in  an  inclosure  of  lo^rer 
temperature  than  its  own;  for  we  are  thus  enabled  to  take  account 
of  the  heat  which  a  body  loses  during  the  progress  of  an  experiment 
This  law,  when  stated  in  such  terms  as  to  be  applicable  to  all  possible 
differences  of  temperature  and  all  possible  conditions  of  the  surround- 
ing medium,  becomes  exceedingly  complex ;  but  when  the  difference 
of  temperature  is  small,  amounting  only  to  a  few  degrees,  the  law 
known  as  Newton's  law  of  cooling  can  be  applied  without  sensible 
error..  It  is  this: — tlie  rate  at  which  the  body  loses  heat  is  propor- 
tional to  the  difference  between  the  temperature  of  its  surfojce  and 
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that  of  the  inclomre.  If  the  body  be  of  sensibly  uniform  tempera- 
ture throughout  its  whole  mass,  as  in  the  case  of  a  vessel  with  thin 
metallic  sides  containing  water  which  is  kept  stirred,  or  of  the  quick- 
silver in  the  bulb  of  a  thermometer,  the  fall  of  temperature  is  pro- 
portional to  the  loss  of  heat,  and  Newton's  law  as  applied  to  such  a 
body  asserts  that  the  rate  at  which  the  temperature  falls  is  propor- 
tional to  the  excess  of  the  temperature  of  the  body  above  that  of  the 
inclosure. 

To  test  this  law  experimentally,  we  observe  from  time  to  time  the 
.excess  of  the  temperature  of  a  thermometer  above  that  of  the  air  in 
which  it  is  cooling.  It  is  found,  that,  if  the  observations  are  made 
at  equal  ihtervals  of  time,  the  observed  excesses  form  a  decreasing 
geometric  series. 

To  express  this  fact  algebraically,  let  6^  denote  the  initial  excess  of 

temperature,  and  ^  the  ratio  of  the  seriea  Then  the  excess  at  the 
end  of  a  unit  of  time  will  be  -^,  at  the  end  of  two  units  ^,  and  after 
t  units  -\\  so  that  if  Q  denote  the  temperature  at  time  t,  we  have 


m* 


eJ^  =  0,m-*.  (1) 


w* 


One  pair  of  observations  is  sufficient  to  determine  the  value  of  the 
constant  m,  which  is  diflFerent  for  different  thermometers. 

By  rale  of  cooling  is  meant  the  fall  of  temperature  per  unit  time 
which  is  taking  place  at  the  instsint  considered.  This  is  computed 
approximately  by  dividing  the  fall  of  temperature  in  a  small  interval 
of  time  by  the  length  of  the  interval  Its  exact  value  is  given  by 
the  differential  calculus,  and  is 

-  ^  =  ^o"*^^  log« »»  =  ^  log,  m,  (2) 

which  is  proportional  to  0,  as  asserted  by  Newton's  law. 

A  precisely  similar  law  holds  for  warming. 

307  a.  Cooling  by  Radiation  in  Vacuo. — The  cooling  of  a  thermo- 
meter in  air  is  effected  partly  by  the  contact  of  the  air,  and  partly 
by  radiation.  When  the  thermometer  is  placed  in  the  centre  of  a 
vacuous  space,  radiation  alone  can  operate,  namely,  radiation  from 
the  thermometer  to  the  walls  of  the  inclosure.  The  law  of  cooling 
under  these  conditions  has  been  investigated  experimentally  by 
Dulong  and  Petit,  and  was  reduced  by  them  to  a  formula  which  was 
found  to  be  accurate  within  the  limits  of  experimental  error  for  all 
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the  lunges  of  temperature  employed,  the  excess  of  the  temperature 
of  the  thermometer  above  that  of  the  walls  of  the  inclosui-e  ranging 
from  20°  to  240°  C.  They  found  that  the  rate  of  cooling  did  not 
depend  upon  the  difference  of  temperature  alone,  but  was  faster  at 
high  than  at  low  temperatures ;  also  that,  for  a  given  temperature  of 
the  walls,  the  rate  of  cooling  was  not  simply  proportional  to  the 
excess,  but  increased  more  rapidly.  Both  these  results  are  expressed 
by  their  formula 

V=ca«(a»-1),  (3) 

where  V  denotes  the  rate  of  cooling,  c  and  a  constants,  t  the  tem- 
perature of  the  walls  of  the  inclosure,  and  6  the  excess  of  temperature, 
so  that  ^+6  is  the  temperature  of  the  thermometer.  If  we  denote 
this  by  if  the  formula  may  be  thrown  into  the  more  symmetrical 
form 

V  =  c{af^'  a'),  (4) 

which  suggests  the  idea  that  an  unequal  exchange  of  heat  takes  place 
between  the  thermometer  and  the  walls,  the  thermometer  giving  to 
the  walb  a  quq.ntity  of  heat  represented  by  a^,  and  receiving  in 
exchange^  only  the  quantity  a<.  The  former  of  these  amounts 
remains  the  same  at  all  temperatures  of  the  inclosure,  and  the  latter 
is  the  same  for  all  temperatures  of  the  thermometer. 

When  the  temperatures  are  Centigrade,  the  constant  a  is  1*0077. 
When  they  are  Fahrenheit  it  is  lOOlS,  the  form  of  the  expression 
for  V  being  unaflfected  by  a  change  of  the  zero  from  which  the  tem- 
peratures are  reckoned.  The  value  of  c  depends  upon  the  size  of  the 
bulb  and  some  other  circumstances,  and  is  changed  by  a  change  of 
zero. 

By  developing  a  in  ascending  powers  of  6,  it  will  be  foimd  that 
formula  (3)  agrees  sensibly  with  Newton's  law  when  the  excess  of 
temperature  does  not  exceed  a  few  degrees. 

808.  Law  of  Inverse  Squares. — If  we  take  a  delicate  thermometer 
and  place  it  at  successively  increasing  distances  from  a  source  of  heat, 
the  temperature  indicated  by  the  instrument  will  exceed  that  of  the 
atmosphere  by  decreasing  amounts,  showing  that  the  intensity  of 
radiant  heat  diminishes  as  the  distance  increases.     The  law  of  varia- 

^  According  to  the  theory  of  exchanffcs,  the  heat  emitted  by  the  thermometer  is  c<U'  plus 
a  constant  term  depending  on  the  zero  of  the  temperature  scale  employed,  and  the  beat 
absorbed  by  it  is  ca<  plus  the  same  constant.  It 'may  be  remarked  that  the  factor  c  also 
depends  upon  the  zero  from  which  temperatures  are  reckoned  as  well  as  upon  the  length 
of  the  degrees,  whereas  a  depends  on  the  latter  only. 
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tion  may  be  discovered  by  experiment  In  fact,  when  the  excess  of 
temperature  of  the  thermometer  becomes  fixed,  we  know  that  the 
heat  received  is  equal  to  that  lost  by  radiation;  but  this  latter  is,  by 
Newton's  law,  proportional  to  the  excess  of  temperature  above  that 
of  the  surrounding  air;  we  may  accordingly  consider  this  excess  as 
the  measure  of  the  heat  received.  It  has  been  found,  by  experiments 
at  different  distances,'  that  the  excess  is  inversely  proportional  to  the 
square  of  the  distance;  we  may  therefore  conclude  that  the  intensity 
of  the  heat  received  from  any  source  of  heat  vai'lee  inversely  as  the 
square  of  the  distance. 

The  following  experiment,  devised  by  Tyndall,  supplies  another 
simple  proof  of  this  fundamental  law; — 

The  thermometer  employed  ia  a  Melloni's  pile,  the  nature  of  which 
we  shall  explain  in  §  313.  This  is  placed  at  the  small  end  of  a  hollow 
cone,  blackened  inside,  so  as  to  pi-event  any  reflection  of  heat  &om 
its  inner  surface.     The  pile  is  placed  at  S  and  S'  in  front  of  a  vessel 


filled  with  boiling  water,  and  coated  with  lamp-black  on  the  side 
next  the  pile.  It  will  now  be  obsei-ved  that  the  temperature 
indicated  by  the  pile  remains  constant  for  all  distances.  This  result 
proves  the  law  of  inverse  squarea  For  the  arrangement  adopted 
prevents  the  pile  from  receiving  more  heat  than  that  due  to  the  area 
of  AB  in  the  first  case,  and  to  the  area  A'B'  in  the  second.  These 
are  the  areas  of  two  circles,  whose  radii  are  respectively  proportional 
to  SO  and  S'O ;  and  the  areas  are  consequently  proportional  to  the 

'  Tbe  dimeiuricinB  oE  tbe  boutcs  of  heat  most  be  btdaU  in  compariBOii  with  tite  distuiM  ot 
the  tbermometer,  m  otberwiite  Uie  tlutancee  of  diflereDt  puti  of  tlie  aoiu-ce  of  he&t  from 
the  thermometer  are  seiwibly  different.  In  this  case,  the  amouot  of  beat  lectured  variM 
directly  as  the  lolid  an^le  Bubtended  by  the  source  of  beat. 
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squares  of  SO  and  S'O.  Since,  therefore,  these  two  areas  communi- 
cate the  same  quantity  of  heat  to  the  pile,  the  intensity  of  radiation 
must  vary  inversely  as  the  squares  of  the  distances  SO  and  S'O. 

The  law  of  inverse  squares  may  also  be  established  a  pidw^  in  the 
following  manner: — 

Suppose  a  sphere  of  given  radius  to  be  described  about  a  radiating 
particle  as  centre.  The  total  heat  emitted  by  the  particle  vnl\  be 
received  by  the  sphere,  and  all  points  on  the  sphere  will  experience 
the  same  calorific  effect.  If  now  the  radius  of  the  sphere  be  doubled, 
the  surface  will  be  quadrupled,  but  the  total  amount  of  heat  remains 
the  same  as  before,  namely,  that  emitted  by  the  radiating  particle. 
Hence  we  conclude  that  the  quantitj''  of  heat  absorbed  by  a  given 
area  on  the  surface  of  the  large  sphere  is  one-fourth  of  that  absorbed 
by  an  equal  area  on  tlie  small  sphere;  which  agrees  with  the  law 
stated  above. 

This  demonstration  is  valid,  whether  we  suppose  the  radiation  of 
heat  to  consist  in  the  emission  of  matter  or  in  the  emission  of  energy  ; 
for  energy  as  well  as  matter  is  indestructiblci  and  remains  unaltered 
in  amount  during  its  propagation  through  space. 

809.  Law  of  the  Reflection  of  Heat. — When  a  ray  of  heat  strikes 
a  polished  surface,  it  is  reflected  in  a  direction  determined  by  fixed 
laws. 

If  at  the  point  of  incidence,  that  is,  the  point  where  the  ray  meets 

the  surface,  a  line  be  drawn  normal  or  perpendicular  to  the  surface, 

the  plane  passing  through  this  line  and  the  incident  ray  is  called  the 

^lHane  of  incidence.     With  this  explanation  we  proceed  to  give  the 

laws  of  the  reflection  of  heat: — 

1.  When  a  ray  of  heat  Ls  reflected  by  a  surface,  the  line  of  reflec- 
tion lies  in  the  plane  of  incidence. 

2.  The  angle  of  reflection  is  equal  to  the  angle  of  incidence ;  that 
is,  the  reflected  and  incident  rays  make  equal  angles  with  the 
normal  to  the  surface  at  the  point  of  incidence. 

We  shall  see  hereafter  that  these  laws  are  precisely  the  same  as 
those  of  the  reflection  of  light.  In  the  case  of  light,  they  can  be  verj- 
strictly  verified.  And  since,  in  all  phenomena  involving  at  once 
heat  and  light,  we  find  the  same  laws  holding  for  calorific  as  for 
luminous  rays,  we  may  consider  the  demonstration  of  these  laws  in 
the  case  of  light  as  sufficient  to  prove  that  they  hold  good  for  rays 
of  heat  also. 

810.  Burning-mirrors. — ^The  laws  of  the  reflection  of  heat,  however. 
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may  be  directly  verified  by  some  well-known  experiments,  especially 
by  means  of  a  concave  spherical  min-or  (Fig.  281),  that  is,  a  mirror 
consisting  of  a  portion  of  a  hollow  sphere,  with  its  concave  side 
polished.  The  principal  axis  of  this  mirror  is  a  line  CF  passing 
through  the  centre  of  the  -  sphere,  and  through  the  middle  point  A 
(which  may  be  called  the  pole)  of  the  mirror  itself  It  may  easily 
be  deduced  fi-om  the  law  of  reflection  that  if  a  pencil  of  rays  parallel 
to  the  axis  are  incident  upon  the  mirror,  they  will  all,  after  reflection, 
pass  through  or  very  near  the  point  F  which  bisects  the  radius,  and 


is  called  the  principal  focus.  We  may  remark  that  the  rays  need  not 
be  parallel  to  the  principal  axis;  it  is  only  necessary  that  they  be 
parallel  to  each  other,  in  order  that  they  should  meet  in  a  focus  situ- 
ated on  the  line  drawn  through  the  centre  in  a  direction  parallel  to 
the  pencil  of  rays. 

These  theoretical  conclusions  have  been  verified  by  experiment 
with  burning- mirrors.  These  aresphericaP  concave  minors,  turning 
about  an  axis,  so  as  to  receive  the  rays  of  the  sun  perpendicularly 
upon  their  surface.  The  heat  produced  under  these  circumstances  at 
the  focus  of  the  miiTor,  is  sufficiently  great  to  inflame  any  combus- 
tible material  placed  there,  or  even  to  produce  more  striking  eifeets. 
Tschimhausen's  mirror,  for  instance,  which  was  constructed  in  lfi87, 
and  was  about  6  J  feet  in  diameter,  was  able  to  melt  copper  or  silver, 
and  to  vitrify  brick.     Instead  of  curved  mirrors,  Bufi'on  employed  a 

'  Pambclie  mirrora  *re  perhlips  more  frequeoUy  employed  for  eiperitnenU  on  tbe  reflec- 
tion o(  beat.  All  rays  failing  on  »  piraboLo  mirror  parallel  to  it«  axil  are  accuraUly 
reflected  to  its  focus,  and  all  rays  incident  upon  it  from  a  source  of  heat  or  light  at  the 
fiicui  are  reflected  parallel  to  the  axis. 

The  Duin>ti  in  the  experiment  of  g  311  are  most  easily  ad  justed  by  Sist  placing  a  source 
of  li^t  (such  as  the  flame  of  a  candle)  in  one  focus,  and  forming  a  luminciuB  image  in  tbe 
other.  We  bave  thus  a  convincing  proof  that  heat  and  light  obey  the  same  laws  as  regards 
direction  of  reflection. 
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number  of  movable  plane  mirrors,  which  were  arranged  bo  that  the 
different  pencils  of  heat-rays  reflected  by  them  converged  to  nearly 
the  name  focus.  In  this  way  he 
obtained  an  extremely  powerful 
effect,  and  was  able,  for  instance, 
to  set  wood  on  fire  at  a  distance 
of  between  80  and  90  yards. 
This  is  the  method  which  Arclii- 
medes  is  said  to  have  employed 
for  the  destruction  of  the  Roman 
fleet  in  the  siege  of  Syracuse; 
and  though  the  truth  of  the  story 
is  considered  doubtful,  it  is  not 
altogether  absurd. 

311.  Conjugate  Hirrors.  —  A 
more  rigorous  demonstration  of 
the  laws  of  the  reflection  of  heat 
is  afforded  by  the  celebrated  ex- 
periment of  the  conjugate  mir- 
rors, which  is  generally  ascribed 
to  Pictet  of  Geneva. 

Two  spherical  mirrors  are  plac- 
K|.  isi.— BurniDi  MJmr.  cd  at  any  convenient   distance, 

with  their  concave  surfaces  to- 
wards each  other  and  their  axes  in  the  same  straight  line.  In  the 
focus  of  one  of  them  is  placed  a  small  furaace,  or  a  red-hot  cannon- 
ball,  and  in  the  focus  of  the  other  some  highly  inflammable  mate- 
rial, such  as  phosphorus  or  gun-cotton.  On  exciting  the  furnace 
with  bellows,  the  substance  in  the  other  focus  immediately  take^ 
fire.  With  two  mirrors  of  14  inches  diameter,  gun-cotton  may  thus 
be  set  on  fii-e  at  a  distance  of  more  than  30  feet.  The  explanation 
is  very  easy.  The  rays  of  heat  coming  from  the  focus  of  the  first 
mirror  are  reflected  in  parallel  lines,  and,  on  impinging  upon  the 
surface  of  the  second  mirror,  converge  again  to  its  focus,  and  are 
thus  concentrated  upon  the  inflammable  material  placed  there. 

It  might  appear  at  first  sight  that  the  experiment  is  not  very  pre- 
cise, owing  to  the  comparatively  large  size  of  the  source  of  heat;  but 
we  must  remark  that  only  a  very  small  portion  of  this  actually  pro- 
duces any  effect;  the  rest  serving  merely  to  maintain  a  sufliciently 
high  temperature  at  the  points  which  really  send  rays  to  the  focua 
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Again,  the  image  of  the  source  of  heat  which  ia  formed  at  the  focua 
of  the  second  mirror,  is  so  smalt,  that  the  eligbtast  change  in  the 
position  of  either  min'or  causes  the  failure  of  the  experiment.    Great 


exactness  is  therefore  required  to  insure  success ;  and  we  may  oon- 
seijuently  regard  the  experiment  as  a  tolerably  severe  test  of  the 
truth  of  the  laws  of  reflection  which  have  been  quoted  above. 

312.  Different  Properties  of  Bodies  with  respect  to  Radiant  Heat. — 
Suppose  a  quantity  of  heat  denoted  by  unity  to  be  incident  upon 
the  surface  of  a  body.  This  quantity  will  be  divided  into  several 
distinct  parts. 

1.  A  portion  will  be  regularly  reflected  according  to  the  law  given 
above.     If  the  fraction  of  heat  thus  reflected  be  denoted  by  -,  then 

is  the  measure  of  the  reflecting  power. 

2.  A  portion  ^  will  be  irregularly  reflected,  and  will  be  scattered 
or  diffused  through  space  in  all  directions  Thus  ^  is  the  measure 
of  the  diffusive  power. 

3.  A  portion  -  will  penetrate  into  the  body  so  as  to  be  absorbed 
by  it,  and  to  contribute  to  raise  its  temperature;  -  is  therefore  the 
measure  of  the  oisorfriTij  power. 
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4.  Finally,  we  shall  have,  in  many  cases,  a  fourth  portion  -^,  which 

passes  through  the  body  without  contributing  to  raise  its  tempera- 
ture. This  fraction,  which  exists  only  in  the  case  of  diathermanous 
bodies,  is  the  measure  of  diathermancy  or  transmissive  power. 

The  sum  of  these  fractional  parts  must  evidently  make  up  the 
original  unit ;  that  is 

r      a      a      0 

812  A.  Relation  between  Absorption  and  Emission. — A  different  mode 
of  expressing  absorbing  power  is  sometimes  required — a  mode  which 
sIkiU  express  the  rate  at  which  the  body  gains  heat  when  completely 
inclosed  in  an  exhausted  space  whose  walls  have  a  higher  tempera- 
ture than  its  own. 

Let  the  walls  be  covered  with  lamp  black,  and  have  a  small  excess 
of  temperature  6,  and  let  the  area  of  the  body's  surface  (which  must 
have  no  concavities)  be  S ;  then  the  rate  at  which  the  body  gains 
heat  is  proportional  to  S6,  and  may  be  denoted  by  ASd,  A  being  a 
coeflScient  which  is  independent  of  B  provided  that  0  is  small,  but 
which  is  not  necessarily  the  same  at  high  as  at  low  temperatures. 
We  shall  call  this  factor  A  the  coejjicient  of  absorptian;  and  the  heat 
gained  by  the  body  in  a  short  interval  of  time  r  will  be 

If  now  we  suppose  the  inclosed  body  to  be  warmer  than  the  walls 
by  a  small  excess  B\  the  rate  of  losing  heat  will'  be  proportional  to 
So',  and  may  be  denoted  by  ES6',  E  being  called  the  coefficient  of 
emission ;  and  the  quantity  of  heat  lost  by  the  body  in  the  short 
time  r  is 

9'  =  ES5V. 

Now  experiment  shows  that,  for  any  given  body  at  a  given  tempera- 
ture, the  values  of  A  and  E  are  equal ;  for  example,  a  thermometer 
inclosed  in  a  vacuous  globe,  as  in  the  experiments  of  Dulong  and 
Petit  (§  307  a),  takes  the  same  time  to  rise  V  as  to  fall  V  if  the  initial 
difference  of  temperature  between  the  thermometer  and  the  globe 
was  2"  in  each  case. 

The  coefficient  of  emission  then,  at  any  given  temperature,  is  equal 
to  ilie  coefficient  of  absorption;  and  we  may  therefore  give  it  a  sym- 
metrical name,  and  call  it  the  coefficient  of  radiation.  A  substance 
for  which  this  coefficient  has  a  large  value  is  said  to  be  a  good  radiator. 

Now  it  is  obviously  impossible  for  a  body  to  absorb  more  beat 
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than  falls  upon  it.     There  must  therefore  be  a  limiting  value  of  A 
applicable  to  a  body  whose  absorbing  power  -  is  unity ;  and  the  same 

limiting  value  must  exist  for  E  which  is  equal  to  A. 

Hence  it  appears  that  good  radiation  depends  rather  upon  defect 
of  resistance  than  upon  any  positive  power.  A  perfect  radiator  would 
be  a  substance  whose  surface  opposed  no  resistance  to  the  communi- 
cation of  radiant  heat  in  either  direction;  while  an  imperfect  radiator 
is  one  whose  surface  allows  a  portion  to  be  communicated  through  it, 
and  reflects  another  portion  regularly  or  irregularly. 

We  may  conveniently  employ  -  to  denote  the  ratio  of  the  heat 

emitted  by  a  surface  to  that  which  would  be  emitted  by  a  perfect 

radiator  at  the  same  temperature.     We  can  then  assert  that  for  any 

one  kind  of  heat 

1     1 


e      o* 


or  the  emissive  and  absorptive  povjers  are  equal. 

The  reflecting  and  diffusive  powers  of  lamp-black  are  so  insigni- 
ficant, at  temperatures  below  100°  C,  that  this  substance  is  com- 
monly adopted  as  the  type  of  a  perfect  radiator,  and  the  emissive 
and  absorptive  powere  of  other  substances  are  usually  expressed  by 
comparison  with  it 

Recent  experiments  by  Sir  W.  Thomson  show  that  the  coefficient 
of  radiation  A  or  E  between  two  lamp-black  surfaces  radiating  to 
each  other  in  vacuo  is  about  -roW'  9  being  expressed  in  gramme- 
degrees  (§  339),  0  in  degrees,^  S  in  square  centimetres  of  surface  of 
the  inclosed  body,  and  r  in  seconds.  -^ 

312b.  Different  Kinds  of  Heat-rays. — A  beam  of  radiant  heat  or 
light' is  not,  generally  speaking,  homogeneous,  but  (as  we  shall  more 
fuUy  explain  in  connection  with  optics)  is  made  up  of  rays  differing 
in  wave-length,  and  capable  of  being  separated  by  transmission 
through  a  prism,  those  which  have  the  shortest  wave-lengths  being 
refracted  or  turned  out  of  their  original  direction  to  the  greatest 
extent.  A  beam  of  radiant  heat  or  light  may  also  possess  peculiar 
properties  comprehended  under  the  name  of  polarization. 

^  It  is  immaterial  whether  the  Cent,  or  Fahr.  scale  be  employed — for  the  degree  and 
gnamfke-degree  change  in  the  same  ratio. 

The  experiments  referred  to  (which  will  shortly  be  published  in  the  Proc.  Roy.  Soc), 
were  conducted  by  observing  the  cooling  of  a  copper  ball  in  an  inclosure  filled  with  air. 
The  total  loss  of  heat  corresponded  to  a  co-efficient  ^^nnri  '^'^  ^^  ^^  estimated  that  half  the 
loss  was  due  to  atmospheric  contact,  and  the  other  half  to  radiation. 
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Almost  all  substances  exhibit  the  phenomenon  of  selective  absorp- 
tion, that  is  to  say,  they  absorb  some  kinds  of  heat  more  readily 
than  others ;  and  it  has  been  completely  established  by  a  variety  of 
experiments,  that  the  heat  which  a  body  emits  when  radiating  to 
bodies  colder  than  itself,  consists  chiefly  of  the  same  elementary  heat- 
rays  which  it  absorbs  most  copiously  from  bodies  hotter  than  itself 

312  c.  Theory  of  Exchanges. — Many  of  the  phenomena  of  radiation 
are  most  simply  explained  by  the  view  now  usually  called  the  theory 
of  exchangeSf  but  originally  promulgated  by  Provost  of  Geneva  under 
.  the  name  of  the  theory  of  mobile  equilibrium  of  temperature.  This 
theory  asserts  that  all  bodies  are  constantly  giving  out  radiant  heat^ 
at  a  rate  depending  upon  their  substance  and  temperature,  but 
independent  of  the  substance  or  temperature  of  the  bodies  which 
surround  them  ;^  and  that,  when  a  body  is  kept  at  a  uniform  tem- 
perature, it  receives  back  just  as  much  heat  as  it  gives  out 

According  to  this  view,  two  bodies  at  the  same  temperature, 
exposed  to  mutual  radiation,  exchange  equal  amounts  of  heat;  but  if 
two  bodies  have  unequal  temperatures,  that  which  is  at  the  higher 
temperature  gives  to  the  other  more  than  it  receives  in  exchange. 

As  a  necessary  accompaniment  of  this  view,  it  is  maintained  that. 
'  for  each  particular  kind  of  heat,  the  emissive  and  absorbing  powers 

~  and  -  (§  313)  are  equal  for  any  one  body,  and  at  any  given  temper- 

ture;  this  inference  being  drawn  from  the  well-known  experimental 
fact  that  a  body  completely  surrounded  by  an  inclosure  whose  walla 
are  preserved  at  a  constant  temperature,  will  ultimately  take  that 
temperature.  For  the  details  of  the  reasoning  we  must  refer  to 
special  treatises.^ 

According  to  this  theory,  the  coefficient  A  or  E  (§  312  a)  for  a  body 
at  temperature  f,  represents  the  difference  between  the  absolute 
emission  at  this  temperature  and  at  the  temperature  t^^-l-l". 

313.  ThermoBcopic  Apparatus  employed  in  Researches  connected 
with  Radiant  Heat. — An  indispensable  requisite  for  the  successful 
study  of  radiant  heat  is  an  exceedingly  delicate  thermometer.  For 
this  purpose  Leslie,  about  the  beginning  of  the  present  century, 
invented  the  differential  thermometer,  with  which  he  conducted  some 
very  important  investigations,  the  main  results  of  which  are  still 
acknowledged    to   be  correct.      Modern  investigators,  as  Mellon  i, 

^  See  §  307  a,  formula  (4)  and  foot-note. 

*  Report  on  the  Theory  of  Exchanges  by  Balfour  Stewart,  in  British  Association  lieport^ 
1861,  p.  97;  and  Stewart  on  Heatf  book  ii.  chap.  iii. 
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Laprovostaye,  Sic,  have  exclusively  employed  Nobili's  thermo-multi- 
plier,  wliicli  is  an  instrument  of  much  greater  delicacy  tliaa  the 
differential  thermometer. 

The  thermo-pile  inverted  by  Nobili,  and  improved  by  Melloni, 
consists  essentially  of  a  chain  (Fig. 
284)  formed  of  alternate  elements 
of  bismuth  and  antimony.     If  the 
ends  of  the  chain  be  connected  by 
a  wire,  and   the  alternate  joints 
slightly  heated,  a  thermo-electric 
current  will  be  produced,  as  will  be 
explained  hereafter.     The  amount         Fij,  isi.— Nobiii'i  ThsnnMienric  SsriM. 
of  current  increases  with  the  num- 
ber of  elements,  and  with  the  difference  of  temperatures  of  the  oppo- 
site junctions. 

In  the  pile  as  improved  by  Melloni,  the  elements  are  arranged 
side  by  side  so  as  to  form  a  square  bundle  (Fig.  285),  whose  opposite 


ends  consist  of  the  alternate  junctions.  The  whole  is  contained  in 
a  copper  case,  with  covei's  at  the  two  ends,  which  can  be  removed 
when  it  is  desired  to  expose  the  faces  of  the  pile  to  tiie  action  of  heat 
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Two  metallic  rods  connect  the  teiminals  of  the  thermo-electric  seriea 
with  wires  leading  to  a  galvanometer,'  so  that  the  existence  of  any 
current  will  immediately  be  indicated  by  the  deflection  of  the  needle. 
The  amounts  of  current  which  correspond  to  different  deflections  are 
known  from  a  table  compiled  by  a  method  which  we  shall  esplain 
hereafter.  Consequently,  when  a  beam  of  radiant  heat  strikes  the 
pile,  an  electric  current  is  produced,  and  the  amount  of  this  current 
is  given  by  tlie  galvanometer.  We  shall  see  hereafter,  when  we 
come  to  treat  of  thermo-electric  currents,  that  within  certain  linuta, 
which  are  never  exceeded  in  investigations  upon  radiant  heat,  the 
current  is  proportional  to  the  difference  of  temperature  between  the 
two  ends  of  the  pile.  Accordingly,  as  soon  as  all  parts  of  the  pile 
have  acquired  their  permanent  temperatures,  the  quantity  of  heat 
received  during  any  interval  of  time  from  the  source  of  heat  will  l« 
equal  to  that  lost  to  the  air  and  surrounding  objects.  But  this  latter 
is,  by  Xewton'a  law,  proportional  to  the  excess  of  temperature  above 
the  surrounding  air,  and  therefore  to  the  difference  of  temperature 
between  the  two  ends  of  the  pile.  The  current  is  therefore  propor- 
tional to  the  quantity  of  heat  received  by  the  instrument  We  have 
thus  in  Nobili's  pile  a  thermometer  of  great  delicacy,  and  admirably 
adapted  to  the  study  of  radiant  heat ;  in  fact,  the  immense  progreR* 


which  lias  been  made  in  this  department  of  physics  is  mainly  owing 
to  this  invention  of  Nobili. 

314.  Measarement  of  Emissive  Power. — Tiie  following  arrangement 

was  adopted  6y  Melloni  for  the  comparison  of  emissive  powera     A 

'  The  pile  Bad  gftlvanometer  together  constitute  the  thenno-mulUplier. 
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graduated  horizontal  bar  (Fig.  286)  carries  a  cube,  the  different  sides 
of  which  are  covered  with  different  substancea  Thift  is  filled  with 
water,  which  is  maintained  at  the  boiling-point  by  means  of  a  spirit- 
lamp  placed  beneath.  The  pile  is  placed  at  a  convenient  distance, 
and  the  radiation  can  be  intercepted  at  pleasure  by  screens  arranged 
for  the  purposa  The  whole  forms  what  is  called  Melloni's  appa- 
ratus. 

K  we  now  subject  the  pile  to  the  heat  radiated  from  each  of  the 
faces  in  turn,  we  shall  obtain  currents  proportional  to  the  emissive 
powers  of  the  substances  with  which  the  different  faces  are  coated. 

From  a  number  of  experiments  of  this  kind  it  has  been  found  that 
lamp-black  has  the  greatest  radiating  power  of  all  known  substances, 
while  the  metals  are  the  worst  radiators.  Some  of  the  most  impor- 
tant results  are  given  in  the  following  table,  in  which  the  emissive 
powers  of  the  several  substances  are  compared  with  that  of  lamp- 
black, which  is  denoted  by  lOO: — 

Relativb  Emissive  Powers  at  100*  C. 


Lamp-black, 100 

White-lead, 100 

Pfcper, 98 

Glass, 90 

Indian  ink, 85 

Shellac, 72 


Steel, 17 

Platinum, 17 

Polished  brass,      ....  7 

Copper, 7 

Polished  gold, 3 

Polished  silver,      ....  3 


316.  Absorbing  Power. — The  method  which  most  naturally  suggests 
itself  for  comparing  absorbing  powers,  is  to  apply  coatings  of  different 
substances  to  that  face  of  the  pile  which  is  exposed  to  the  action  of 
the  source  of  heat.  But  this  would  involve  great  risk  of  injury  to 
the  pile. 

The  method  employed  by  Melloni  was  as  follows: — He  placed  in 
front  of  the  pile  a  very  thin  copper  disc  (Fig.  287),  coated  with  lamp- 
black on. the  side  next  the  pile,  and  on  the  other  side  with  the  sub- 
stance whose  absorbing  power  was  required.  The  disc  absorbed  heat 
by  radiation  from  the  source,  of  amount  proportional  to  the  absorb- 
ing power  of  this  coating,  and  at  the  same  time  emitted  heat  from 
both  sides  in  all  directions.  When  its  temperature  became  stationary, 
the  amounts  of  heat  absorbed  and  emitted  were  necessarily  equal, 
and  its  two  faces  had  sensibly  equal  temperatures. 

Let  E  and  E'  denote  the  coefficients  of  emission  of  lamp-black  and 
of  the  substance  with  which  the  front  was  coated,  and  6  the  excess 
of  temperature  of  the  disc  above  that  of  the  air;  then  (E  +  Y/}.d  is  the 
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heat  emitted  in  unit  time,  if  the  area  of  each  face  is  unity,  and  thia 
must  be  equal  to  the  heat  absorbed  in  unit  time. 

But  tlie  indications  of  the  thenno-pile-  are  proportional  to  the  heat 


Fig.  SS7.— MsuurmiMt  of  AbHJTbiog  Powwi. 

radiated  from  the  back  alone,  that  is,  to  E0.  The  heat  absorbed  is 
tlierefore  represented  by  the  indication  of  the  pile  multiplied  by 
E_+E' 

E     ■ 

In  this  way  the  absorbing  powers  given  in  the  following  liat  have 
been  calculated  from  experiments  of  Melloni,  the  source  of  heat  being 
a  cube  filled  with  water  at  100°  C. 

RELitlTE    AbSORBINO    POWERS    AT    100°    0. 

Lamp.black.      ....     100  I  Inilian  ink, 85 

While-lead, 100  ShellK 72 

loiiiglMB, SI  I  Metal, IS 

It  will  be  observed  that  these  numbers  are  identical  with  those  ivhicli 
represent  the  emissive  powei-s  of  the  same  substances. 

317.  Variation  of  Absorption  with  the  Source. — The  absorbing 
power  varies  according  to  tlie  source  of  heat  employed.  In  estab- 
lishing this  important  fact,  llelloni  employed  the  following  sources  of 
heat : — 

1.  Locatelli's  lamp,  a  small  kind  of  oi]-]amp,  in  which  the  level  of 
the  oil  remains  invariable,  and  which  has  a  square-cut  solid  \Fick. 
As  a  source  of  heat  it  is  of  tolerably  constant  action,  and  it  has  been 
employed  in  most  of  the  experiments  upon  diathermancy.  It  is 
shown  in  Fig.  287. 
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2.  Incandescent  platinum.  This  is  a  spiral  of  platinum  wire  (Fig. 
283)  suspended  over  a  spirit-lamp  so  aa  to  envelop  the  flame.  The 
metal  is  heated  to  a  bright  white  heat;  and  since  the  radiating 
[HiwerB  of  the  flame  are  very  feeble,  the  metal  may  be  regarded  as 
the  sole  source  of  radiation.  The  flame,  in  fact,  is  scarcely  distin- 
guishable. 

3.  Copper  heated  to  about  400°  C.  This  is  effected  by  placing  a 
spirit-lamp  behind  a  curved  copper  plate  (Fig.  289). 

i.  Copper  covered  with  lamp-black  at  100°  C.  This  is  a  cube  con- 
taining boiling  water  (Fig.  290)  similar  to  that  ali'eady  described  in 


connection  with  the  measurement  of  emissive  powers.    The  face  whose 
radiation  is  employed  is  covered  with  lamp-black. 

If  these  different  sources  of  heat  be  severally  used  in  measuring 
absorbing  powers,  it  will  be  found  that  these  powers  vary  consider- 
ably according  to  the  particular  source  of  heat  employed,  and  that  if 
we  denote  the  absorption  of  lamp-black  in  each  case  by  100,  the 
relative  absorbing  powers  of  other  substances  are  in  geneml  greater 
as  the  temperature  of  the  source  is  lower.  In  establishing  this 
important  principle  by  experiment,  the  sources  of  heat  are  first 
placed  at  aucb  distances  that  the  direct  radiation  upon  the  pile 
shall  be  the  same  for  each,  and  the  pile  is  then  replaced  by  the 
disc.  The  following  table  contains  some  of  the  results  obtained 
by  Melloni; — 
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Hoi--.tat 

BiniBTiMCD. 

PlulniuB. 

Cow«. 

Cuba. 

LuDp-bUck,  .     .     . 

100 

100 

100 

100 

Indiuiinh.     . 

86 

05 

87 

SG 

White-lead,    .     .     . 

G3 

fi« 

89 

■100 

ar.::: 

G2 
4S 

Gl 
47 

64 
TO 

01 

Metallie  niTfue,      . 

14 

IS-G 

13 

13 

819.  Reflecting  Power. — The  reflectiDg  power  of  a  surface  is  mea- 
sured by  the  proportion  of  incident  heat  which  is  regularly  reflected 
ii-om  ii  This  subject  has  been  investigated  by  MeUoni,  and  by 
Laprovoetaye  and  Desains.  The  arrangement  used  for  the  purpose  is 
shown  in  Fig.  291. 

The  substance  under  investigation  is  placed  upon  the  circular  plate 
D,  which  is  graduated  round  the  circumference.    The  pile  £  is  carried 


by  the  horizontal  bar  UH',  which  turns  about  the  pillar  supporting 
the  plate  D.  This  bar  is  to  be  so  adjusted  as  to  make  the  reflected  rays 
impinge  upon  the  pile,  the  adjustment  being  made-  by  the  help  of 
the  divisions  marked  on  the  circular  plate. 

Tn  making  an  observation,  the  bar  H  H'  is  first  placed  so  as  to 
coincide  with  the  prolongation  of  the  principal  bar,  and  the  intensity 
of  direct  radiation  is  thus  observed.  The  pile  is  then  placed  so  as  to 
receive  the  reflected  rays,  and  the  ratio  of  the  intensity  thus  obtained 
to  tbe  intensity  of  direct  mdiation  is  the  measure  of  the  reflecting 
power. 
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The  following  axe  some  of  the  results  obtained  by  Laprovostaye 
and  Desains,  the  source  of  heat  employed  being  a  Locatelli  lamp: — 


Befiooiing 
Power. 

Silver  plate, '97 

Gold, -95 

Brass, *93 

Speculum  metal,      ...  '86 

Tin, -85 


Reflecting 
Power. 

Polished  platinum,  .     .     .  '80 

Steel, -83 

Zinc, -81 

Iron, '77 


Laprovostaye  and  Desains  have  also  shown  that,  in  the  case  of 
diathermanous  substances,  the  reflecting  power  varies  considerably 
with  the  angle  of  incidence,  which  is  also  the  case  for  luminous  raya 

In  the  case  of  metals,  the  change  in  the  reflecting  power  produced 
by  a  change  in  the  angle  of  incidence  is  not  nearly  so  great;  the 
reflecting  power  remains  almost  constant  till  about  70°  or  SO"*,  and 
when  the  angle  of  incidence  exceeds  this  limit,  the  reflecting  power 
decreases,  whereas  the  opposite  is  the  case  with  transparent  bodiea 

Finally,  Laprovostaye  and  Desains  have  shown  that,  contrary  to 
what  was  previously  supposed,  the  reflecting  power  varies  according 
to  the  SQurce  of  heat.  Thus  the  reflecting  power  of  polished  silver, 
which  is  '97  for  rays  from  a  Locatelli  lamp,  is  only  92  for  solar  raya 
In  either  case  it  will  be  seen  that  the  reflecting  powers  of  polished 
silver  are  very  great;  and  since  experiment  has  shown  that  luminous 
and  calorific  rays  from  the  same  source  are  reflected  in  nearly  equal 
proportions,  the  advantages  attending  the  use  of  silvered  specula  in 
telescopes  can  easily  be  understood. 

820.  Diffiisive  Power. — Diff'usion  is  the  irregular  reflection  of  heat, 
doubtless  owing  to  the  minute  inequalities  of  surface  which  are  met 
with  on  even  the  most  finely-polished  bodies.  The  existence  of  this 
power  may  very  easily  be  verified.  We  have  only  to  let  a  beam  of 
radiant  heat  fall  upon  any  dead  suiface,  for  example  on  carbonate  of 
lead  On  placing  the  pile  before  the  surface  in  any  position,  a  devia- 
tion of  the  galvanometer  is  observed,  which  cannot  be  attributed  to 
radiation  from  the  surface,  since  in  that  case  the  eflect,  instead  of 
instantly  attaining  its  maximum,  as  it  actually  does,  would  increase 
gradually  as  the  substance  became  warmed  by  the  heat  falling  upon  it. 

Moreover  the  heat  thus  diffused,  when  the  source  of  heat  is  a  body 
at  high  temperature,  such  as  a  lamp-flame,  is  found  to  agree  in  its 
properties  with  the  heat  radiated  from  a  body  at  high  temperature, 
and  to  be  altogether  different  from  that  which  the  diffusing  surface 
is  capable  of  radiating  at  its  actual  temperature.     The  diffused  heat, 
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for  example,  passes  through  a  plate  of  alum  without  undergoing  much 
absorption. 

The  diffusive  power  of  powders,  especially  if  white,  is  very  con- 
siderable, as  is  shown  by  the  following  table  taken  from  the  restilts 
published  by  Laprovostaye  and  Desains: — 

Diffusive  Power. 

White-lead, .        .  '82 

Powdered  silYer, '76 

Ghromate  of  lead, '66 

The  knowledge  of  this  property  enables  us  to  explain  the  intense 
heat  which  is  felt  in  the  neighbourhood  of  a  white  wall  lighted  up 
by  the  sua 

Diffusion  takes  place  in  different  proportions  according  to  the 
direction,  and  is  a  maximum  for  points  near  the  direction  of  the 
regularly-reflected  ray. 

The  intensity  of  the  diffused  rays  varies  very  considerably  accord- 
ing to  the  source  of  heat  employed.  This  was  shown  by  Melloni  in 
the  following  manner : — 

He  directed  a  ray  of  heat  upon  the  surface  of  a  disc  of  very  thin 
card  covered  with  a  substance  capable  of  diflftising  the  rays.  The 
back  of  the  disc  was  coated  with  lamp-black.  When  the  different 
parts  hcod  acquired  their  permanent  temperatures,  the  pile  was  placed 
in  corresponding  positions  first  before,  and  then  behind  the  disc,  so 
as  to  receive  the  heat  due  to  both  radiation  and  diffusion  from  the 
disc  in  the  first  case,  and  that  due  to  radiation  only  in  the  second* 
It  was  found  that  the  ratio  of  the  two  indications  of  the  pile  in  these 
two  positions  varied  very  much  according  to  the  source  of  heat,  the 
general  rule  being  that  the  ratio  of  the  diffused  to  the  radiated  heat 
was  greatest  when  the  source  of  heat  was  luminous,  and  at  a  high 
temperature. 

321.  Peculiar  Property  of  Lamp-black. — If  a  similar  experiment  be 
perfoimed  with  a  card  covered  on  both  sides  with  lamp-black,  it  will 
be  found  that  the  difference  between  the  indications  of  the  pile  in 
the  two  .positions  is  very  small.  This  difference,  such  as  it  is,  may 
be  accounted  for  by  a  slight  difference  of  temperature  between  the 
two  faces  of  the  disc.  We  may  therefore  conclude  that  the  whole  of 
the  heat  has  been  absorbed  by  the  lamp-black.  This  important  result 
has  been  confirmed  by  direct  experiments,  which  have  failed  to  dis- 
cover any  trace  of  reflecting  or  diffusive  power  in  this  substance. 
Further,  in  the  above  experimerit,  the  ratio  of  the  indications  in  the 
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two  positions  of  the  pile  remains  constant  for  ail  sources  of  heat; 
whence  we  see  that  the  absorption  of  rays  of  heat  by  lamp-black  is 
in  all  cases  independent  of  the  nature  of  the  source.  We  thus  see 
the  advantage  of  applying  a  coating  of  lamp-black  to  all  thermoscopic 
apparatus  intended  for  the  absorption  of  radiant  heat 

322.  Diathermancy. — It  has  long  been  known  that  sonie  of  the  beat 
from  an  intensely  luminous  body,  like  the  sun,  could  pass  through 
certain  transparent  substances,  such  as  glass;  but  it  was,  till  recently, 
supposed  that  this  could  not  happen  in  the  case  of  dark,  or  even 
feebly  luminous  rays. 

Fictet,  of  Geneva,  was  the  first  to  establish  the  fact  of  diathermancy 
for  radiant  heat  in  general  He  showed  that  a  thermometer  rose  in 
temperature  when  exposed  to  radiation  from  a  source  of  heat,  not- 
withstanding the  interposition  of  a  transparent  lamina ;  and  the  idea 
that  this  could  be  owing  to  the  absorption  and  subsequent  radiation 
of  heat  from  the  kmina  was  completely  exploded  by  Provost,  who 
showed  that  the  effect  occurred  even  when  the  interposed  substance 
was  a  sheet  of  ice.  It  is  to  Melloni,  however,  that  we  are  indebted 
for  the  principal  results  which  have  been  obtained  in  connection  with 
this  subject 

33S.  Influence  of  the  Nature  of  the  Substance. — The  arrangement 
adopted  by  Melloni  for  testing  the  diathermancy  of  a  solid  body  is 
that  shown  in  Fig.  292.     Tlie  Locatelli  lamp  A  radiates  its  heat  upon 


the  pile  E  when  the  screen  B  is  lowered;  the  hole  in  the  screen  C  is 
for  the  purpose  of  limiting  the  pencil  of  rays.  Direct  radiation  is 
first  allowed  to  take  place,  and  the  resulting  current  as  indicated  by 
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the  galvanometer  G  is  noted.  The  diathermanous  plate  I)  is  then 
interposed  between  the  lamp  and  the  pile,  and  the  current  is  again 
measured ;  the  ratio  of  the  latter  current  to  the  former  is  the  expres- 
sion of  the  diathermancy  of  the  plate. 

In  the  case  of  liquids,  Melloni  employed  narrow  troughs  with  sides 
of  very  thin  glass;  the  rays  were  first  transmitted  through  the  empty 
vessel,  and  then  through  the  same  vessel  filled  with  liquid ;  the  dif- 
ference of  the  two  results  thus  obtained  being  the  measure  of  the  dia- 
thermancy of  the  liquid.  Specimens  of  the  results  are  given  in  the 
following  table: — 


Heat  Transmittkd  bt  DiFrERSKT 

(The  direct  heat  ia 
SOUDS. 
Colourleu  Olasa. 
(Thickneas  1*88  mm.) 

Flint-glaas, from  67  to  64 

Plate  glftss, 62  to  69 

Crown-glass  (French), 68 

Crown-glass  (English), 49 

Window-glass, 54  to  60 

Coloured  Olasi, 
(Thickneas  1*85  mm.) 

Deep  violet, 63 

Pale  violet, 46 

Veiy  deep  blue, 19 

Deep  blue, 33 

Light  blue, 42 

Mineral  green, 23 

Apple  green, 26 

Deep  yellow, 40 

Orange, 44 

Yellowish  red, 63 

Crimson, 61 


SUBSTAKOSS  FROM   AN   ABOAITD    LaMP. 

represented  by  100.) 

Liquids. 

(Thicknees  9*21  mm.— A  p^te  of  gba  of  the  saint 
thicknOM  giTes  53.) 

Colourleu  Liquids 

Distilled  water, H 

Absolute  alcohol, IS 

Sulphuric  ether, 21 

Sulphide  of  carbon, 63 

Spirits  of  turpentine, 81 

Pure  sulphuric  acid,^ 17 

Pure  nitric  acid, lo 

Solution  of  sea-salt, 12 

Solution  of  alum, 12 

Solution  of  sugar, 12 

Solution  of  potash, 13 

Solution  of  ammonia, 15 


Coloured  Liquids. 

Nut-oil  (yellow), 

Colza-oil  (yellow), 

Olive-oil  (greenish  yellow),     .     .     . 
Oil  of  carnations  (yellowish)  .     .     . 
Chloride  of  sulphur  (reddish  brown), 
Pyroligneous  add  (brown),     .     ... 
White  of  egg  (slightly  yellow),   .     . 

Crystallized  Bodies. 

(Thicknflss  3 '62  mm. — ^A  plate  of  glass  of  the  same  thioknen  givee  62.) 


31 
80 
30 
26 
63 
12 
11 


Colourless, 

Rock-salt,       92 

Iceland-spar, 12 

Bock-ciystal, 67 

Brazilian  topaz,       64 

Carbonate  of  lead, 62 

Borate  of  soda, 28 

Sulphate  of  lime, 20 

Citric  acid, 16 

Rock  alum, 12 


Coloured, 
Smoky  quartz  (brown). 
Aqua-marina  (light  blue). 
Yellow  agate,      .... 
Green  tourmaline,    .     .     . 
Sulphate  of  copper  (blue), 


67 
29 
29 
27 
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It  will  be  seen  from  this  table  that  though  diathermancy  and 
transparency  for  light  usually  go  together,  the  one  is  far  from  being 
a  measure  of  the  other.  We  see,  for  instance,  that  colourless  nitric 
acid  is  much  less  diathermanous  than  strongly-coloured  chloride  of 
sulphur ;  and  perfectly  colourless  alum  allows  much  less  heat  to  pass 
than  deeply-coloured  glass  of  the  same  thickness.  Tyndall  has  shown 
that  a  solution  of  iodine  in  sulphide  of  carbon,  though  excessively 
opaque  to  light,  allows  heat  to  pass  in  large  quantity. 

The  substance  possessing  the  greatest  diathermanous  power  is  rock- 
salt,  which  allows  the  passage  of  '92  of  the  incident  heat.  Common 
sea-salt  only  allows  '12  to  pass.  No  such  difference,  however,  at- 
taches to  solutions  of  these  substances. 

The  diathermancy  of  gase«  has  been  investigated  by  TyndalL  The 
gases  were  contained  in  a  long  metallic  tube  with  rock-salt  ends ; 
and,  in  order  to  obtain  greater  sensitiveness,  a  compensating  cube 
filled  with  hot  water  was  employed.  This  cube  was  placed  at  such 
a  distance  from  one  end  of  the  thermo-pile  as  exactly  to  counter- 
balance the  effect  of  the  radiation  from  the  principal  source  of  heat 
when  the  tube  was  vacuous,  so  that  the  needle  of  the  galvanometer 
in  these  circumstances  stood  at  zero.  The  tube  was  then  filled  with 
different  gases  in  turn,  the  compensating  cube  remaining  unmoved ; 
and  the  indications  of  the  galvanometer  were  found  to  vary  accord- 
ing to  the  gas  employed.  Compound  gases  stopped  more  than  simple 
ones;  the  vapours  of  aromatic  substances  increased  the  absorptive 
power  of  dry  air  from  30  to  300  fold,  and  a  similar  effect  was  pro- 
duced by  the  vapour  of  water,  air  more  or  less  charged  with  aqueous 
vapour  being  found  to  exercise  from  30  to  70  times  the  absorption 
of  pure  dry  air. 

It  is  probable  that  the  aqueous  vapour  which  is  always  present  in 
the  atmosphere  greatly  mitigates  the  heat  of  the  solar  rays,  and  also 
greatly  retards  the  cooling  of  the  earth  by  radiation  at  night.  On 
the  other  hand,  vapour  being  a  better  absorber  is  also  a  better 
radiator  than  dry  air,  a  circumstance  which  conduces  to  the  cooling 
and  condensation  of  the  upper  portions  of  masses  of  vapour  in  the 
atmosphere,  and  the  consequent  formation  of  cloud. 

324.  Influence  of  Thickness. — From  the  experiments  of  Jamin  and 
Masson,  it  appears  that,  when  heat  of  definite  refrangibility  passes 
through  a  plate,  the  amount  transmitted  decreases  in  geometrical 
progression  as  the  thickness  increases  in  arithmetical  progression ;  a 
result  which  may  also  be  expressed  by  saying,  that  if  a  plate  be 
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divided  in  imagination  into  laminae  of  equal  thickness,  the  ratio  of 
the  heat  absorbed  to  the  heat  transmitted  is  the  same  for  them  alL 

In  the  case  of  mixed  radiation,  such  as  is  emitted  by  nearly  all 
available  sources  of  heat,  we  must  suppose  this  law  to  hold  for  each 
separate  constituent ;  but  some  of  these  are  more  easily  absorbed  than 
others,  and  as  these  accordingly  diminish  in  amount  more  rapidly 
than  the  others,  the  beam  as  it  proceeds  on  lis  way  through  the  plate 
acquires  a  character  which  fits  it  for  transmission  rather  than  absorp> 
tion  Hence  the  foremost  layers  absorb  much  more  than  the  later 
ones,  if  the  plate  be  of  considerable  thickness. 

In  the  case  of  bodies  which  are  opaque  to  heat,  absorption  and 
radiation  are  mere  surface-actions.  But  in  diathermanous  substances, 
as  we  have  seen,  absoi*ption  goes  on  in  the  interior,  so  that  a  thi(^ 
plate  absorbs  more  heat  than  a  thin  od&  The  same  thing  is  true  as 
regards  radiation: — a  diathermanous  substance  radiates  from  its 
interior  as  well  as  from  its  surface,  as  proved  by  the  fact  that  a  thick 
plate  radiates  more  heat  than  a  thin  one  at  the  same  temperature. 

325.  Relation  between  Radiant  Heat  and  Light. — The  property  in 
virtue  of  which  particular  substances  select  particular  kinds  of  beat 
for  absorption  and  other  kinds  for  transmission,  was  called  by  Melloni 
thermochrose  (literally  heat-colour),  from  its  obvious  analogy  to  what 
we  call  colour  in  the  case  of  light.  A  piece  of  coloured  glass,  for 
example,  selects  rays  of  certain  colours  (or  vibration-periods)  for 
absorption,  and  transmits  the  rest,  what  we  call  the  colour  of  the 
glass  being  determined  by  those  which  it  transmita 

It  is  now  believed  that  thermochrose  and  colour  are  not  merely 
analogous  but  essentially  identical  Prismatic  analysis  shows  that 
rays  exist  of  refrangibilities  much  greater  and  much  less  than  those 
which  compose  the  luminous  spectrum.  The  spectrum  of  the  electric 
light,  for  example,  extends  on  both  sides  of  the  visible  spectrum  to 
distances  considerably  exceeding  the  length  of  the  visible  spectrum 
itself  The  invisible  ultra-violet  rays  can  be  detected  by  their 
chemical  action,  or  by  causing  them  to  fall  upon  cei*tain  substances 
(called  fiuoreacent)  which  become  luminous  when  exposed  to  their 
action,  but  have  exceedingly  small  heating  effect.  The  heat  becomes 
considerable  in  the  yellow  portion  of  the  spectrum,  stronger  in  the 
red,  and  goes  on  increasing  in  the  invisible  portion  beyond  the  red, 
up  to  a  certain  point,  beyond  which  it  gradually  diminishes  till  it 
becomes  inappreciabla 

It  would,  however,  be  an  error  to  suppose  that  there  is  a  heat 
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spectrum  conBisting  of  distinct  rays  from  those  which  form  the  lumin- 
ous  spectrum,  and  that  the  two  spectra  are  superimposed  one  upon 
the  other.  There  is  every  reason  for  believing  that  the  contrary  is 
the  fact,  and  that  the  radiations  which  constitute  heat  and  light  are 
essentially  identical  In  operating  upon  rays  of  definite  refrangibi- 
lity,  it  is  never  found  possible  to  diminish  their  heating  and  illumi- 
nating powers  in  unequal  proportions;  an  interposed  plate  of  any 
partially  transparent  material,  if  it  stops  half  the  light,  also  stops 
half  the  heat 

It  is  true  that  the  most  intense  heat  is  not  found  in  the  most 
luminous  portion  of  the  spectrum ;  but  it  is  probable  that  the  eye, 
like  the  ear,  is  more  powerfully  affected  by  quick  than  by  slow 
vibrations  when  the  amount  of  energy  is  the  same ;  and  as  a  treble 
note  contains  far  less  energy  than  a  bass  note  which  strikes  the  ear 
as  equally  loud,  so  a  blue  ray  contains  much  less  energy  than  a  red 
ray  if  they  strike  the  eye  as  equally  bright. 

The  invisibility — at  least  to  human  eyes — of  the  ultra-red  and 
ultra-violet  rays  may  be  due  either  to  the  absorption  of  these  rays 
by  the  humours  of  the  eye  before  they  can  reach  the  retina,  or  to  the 
inability  of  our  visual  organs  to  take  up  vibrations  quicker  than  the 
violet  or  slower  than  the  red. 

A  body  at  a  low  temperature  (say  100°  C.)  emits  only  dark  heat. 
As  the  temperature  rises,  the  emission  of  dark  heat  becomes  more 
energetic,  and  at  the  same  time  rays  of  a  more  refrangible  character 
are  added.  This  strengthening  of  the  rays  formerly  emitted,  with 
the  continual  addition  of  new  rays  of  higher  refrangibility,  goes  on 
as  long  as  the  temperature  of  the  body  continues  to  rise.  The  lumi- 
nosity of  the  body  begins  with  the  emission  of  the  least  refrangible 
of  the  visible  rays,  namely  the  red,  and  goes  on  to  include  rays  of 
other  colours  as  it  passes  from  a  red  to  a  white  heat.  Tyndall,  by 
thus  gradually  raising  the  temperature  of  a  platinum  spiral,  obtained 
the  following  measures  of  the  heat  received  in  a  definite  position  in 
the  dark  portion  of  the  spectrum: — 

Appearanoe  Heat 

of  Spiral.  Raceiyed. 

FuUred, 27 

Orange,      ......  60 

YeUow, 93 

FuU  white, 122 

Generally  speaking,  the  rays  which  fall  within  the  limits  of  the 


Appearance 

Heat 

of  Spina. 

Reoeived. 

Dark,     .... 

.     .     .       1 

Dark,     .... 

.     .     .       6 

Faint  red,  .     .    . 

.     .     .     10 

Dull  red,    ..    . 

.     .     .     13 

Bed,      .... 
11              1  • 

.     .     .     18 

1 1                       ' 
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visible  spectrum  are  the  most  transmissible,  and  the  extreme  rays  at 
both  ends  of  the  complete  spectrum  are  the  soonest  absorbed  This 
is  probably  the  reason  why  the  invisible  portion  of  the  solar  spec- 
trum, though  extending  to  a  considerable  distance  in  both  directions, 
is  less  extensive  than  that  of  the  electric  light.  The  extreme  rays 
have  probably  been  absorbed  by  the  earth's  atmosphere. 

Ordinary  glass  is  comparatively  opaque  to  both  classes  of  dark 
ray&  Rock-salt  surpasses  all .  other  substances  in  its  transparenc}' 
to  the  dark  rays  beyond  the  red ;  and  quartz  (rock-crystal)  is  very 
transparent  to  the  dark  rays  beyond  the  violet.  Alum  is  remarkable 
as  a  substance  which  is  exceedingly  opaque  to  the  ultra-red  rays, 
though  exceedingly  transparent  to  visible  rays;  and  Tyndall  bas 
found  that  a  solution  of  iodine  in  sulphide  of  carbon  is,  on  the  con- 
trary, highly  transparent  to  the  ultra-red  and  opaque  to  the  luminous 
rays. 

Great  interest  was  excited  some  years  ago  by  Stokes'  discovery 
that  the  ultra-violet  rays,  when  they  fall  upon  fluorescent  substances, 
undergo  a  lowering  of  refrangibiUty  which  brings  them  within  the 
limits  of  human  vision.  Akin  subsequently  proposed  the  inquiry 
whether  it  was  possible,  by  a  converse  change,  to  transform  the 
ultra-red  into  visible  rays,  and  Tyndall,  by  taking  advantage  of  this 
peculiar  property  of  the  solution  of  iodine,  succeeded  in  Meeting  the 
transformation.  He  brought  the  rays  of  the  electric  lamp  to  a  focus 
by  means  of  a  reflector,  and,  after  stopping  all  the  luminous  rays  by 
interposing  a  vessel  with  rock-salt  sides,  containing  the  solution  of 
iodine,  he  found  that  a  piece  of  platinum  foil,  when  brought  into  the 
focus,  was  heated  to  incandescence,  and  thus  emitted  light  as  well  as 
heat  To  this  transformation  of  dark  radiant  heat  into  light  he  gave 
the  name  of  calorescence. 

926.  Selective  Emission  and  Absorption. — In  order  to  connect 
together  the  various  phenomena  which  may  be  classed  under  the 
general  title  of  selective  radiation  and  absorption,  it  is  necessary  to 
form  some  such  hypothesis  as  the  following.  The  atoms  or  mole- 
cules of  which  any  particular  substance  is  composed,  must  be  sup- 
posed to  be  capable  of  vibrating  freely  in  certain  periods,  which,  in 
the  case  of  gases,  are  sharply  defined,  so  that  a  gas  is  like  a  musical 
string,  which  will  vibrate  in  unison  with  certain  definite  notes  and 
with  no  intermediate  ones.  The  particles  of  a  solid  or  liquid,  on  the 
other  hand,  are  capable  of  executing  vibrations  of  any  period  lying 
between  certain  limits;  so  that  they  may  perhaps  be  compared  to  the 
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body  of  a  violin,  or  to  the  sounding-board  of  a  piano ;  and  these  limits 
(or  at  all  events  the  upper  limit)  alter  with  the  temperature,  so  as 
to  include  shorter  periods  of  vibration  as  the  temperature  risea 

These  vibrations  of  the  particles  of  a  body  are  capable  of  being 
excited  by  vibrations  of  like  period  in  the  external  ether,  in  which 
case  the  body  absorbs  radiant  heat.  But  they  may  also  be  excited 
by  the  internal  heat  of  the  body ;  for  whenever  the  molecules  expe- 
rience violent  shocks,  which  excite  tremors  in  them,  these  are  the 
vibrations  wliich  they  tend  to  assuma  In  this  case  the  particles  of 
the  body  excite  vibrations  of  like  period  in  the  surrounding  ether, 
and  the  body  is  said  to  emit  radiant  heat. 

One  consequence  of  these  principles  is  that  a  diatbermanous  body 
is  particularly  opaque  to  its  own  radiation.  Bock-salt  transmits  92 
per  cent,  of  the  radiation  from  most  sources  of  heat ;  but  if  the  source 
of  heat  be  another  piece  of  rock-salt,  especially  if  it  be  a  thin  plate, 
the  amount  transmitted  is  much  less,  a  considerable  proportion  being 
absorbed.  The  heat  emitted  and  absorbed  by  rock-salt  is  of  exceed- 
ingly low  refirangibility. 

Glass  largely  absorbs  heat  of  long  period,  such  as  is  emitted  by 
bodies  whose  temperatures  are  not  suflSciently  high  to  render  them 
luminous,  but  allows  rays  of  shorter  period,  such  as  compose  the 
luminous  portion  of  the  radiation  from  a  lamp-flame,  to  pass  almost 
entire.  Accordingly  glass  when  heated  emits  a  copious  radiation  of 
non-luminous  heat,  but  comparatively  little  light. 

Experiment  shows  that  if  various  bodies,  whether  opaque  or  trans- 
parent, colourless  or  coloured,  are  heated  to  incandescence  in  the 
interior  of  a  furnace,  or  of  an  ordinary  coal-fire,  they  will  all,  while 
in  the  furnace,  exhibit  the  same  tint,  namely  the  tint  of  the  glowing 
coals.  In  the  case  of  coloured  transparent  bodies,  this  implies  that 
the  rays  which  their  colour  prevents  them  from  transmitting  from 
the  coals  behind  them  are  radiated  by  the  bodies  themselves  most 
copiously;  for  example,  a  glass  coloured  red  by  oxide  of  copper  per- 
mits only  red  rays  to  pass  through  it,  absorbing  all  the  rest,  but  it 
does  not  show  its  colour  in  the  furnace,  because  its  own  heat  causes 
it  to  radiate  just  those  rays  which  it  has  the  power  of  absorbing,  so 
that  the  total  radiation  which  it  sends  to  the  eye  of  a  spectator,  con- 
sisting partly  of  the  radiation  due  to  its  own  heat,  and  partly  of  rays 
which  it  transmits  from  the  glowing  fuel  behind  it,  is  exactly  the 
same  in  kind  and  amount  as  that  which  comes  direct  from  the  other 
parts  of  the  fire.     This  explanation  is  verified  by  the  fact  that  such 
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glass,  if  heated  to  a  high  temperature  in  a  dark  room,  glows  with  a 
green  light. 

A  plate  of  tourmaline  cut  parallel  to  the  axis  has  the  property  of 
breaking  up  the  rays  of  heat  and  light  which  fall  upon  it  into  two 
equal  parts,  which  exhibit  opposite  properties  as  regards  polarization. 
One  of  these  portions  is  very  largely  absorbed,  while  the  other  is 
transmitted  almost  entire.  When  such  a  plate  is  heated  to  incan- 
descence, it  is  found  to  radiate  just  that  description  of  heat  and  light 
which  it  previously  absorbed ;  and  if  it  is  heated  in  a  furnace,  no 
tmces  of  polarization  can  be  detected  in  the  light  which  comes  from 
it,  because  the  transmitted  and  emitted  light  exactly  complement 
each  other,  and  thus  compose  ordinary  or  unpolarized  light 

Spectrum  analysis  as  applied  to  gases  furnishes  perhaps  still  more 
striking  illustrations  of  the  equality  of  selective  radiation  and  absorp- 
tion. The  radiation  from  a  flame  coloured  by  vapour  of  sodium — ^for 
example,  the  flame  of  a  spirit-lamp  with  common  salt  sprinkled  on 
the  wick — consists  mainly  of  vibrations  of  a  definite  period,  corre- 
sponding to  a  particular  shade  of  yellow.  When  vapour  of  sodium  is 
interposed  between  the  eye  and  a  bright  light  yielding  a  continuous 
spectrum,  it  stops  that  portion  of  the  light  which  corresponds  to  this 
particular  period,  and  thus  produces  a  dark  line  in  the  yellow  portion 
of  the  spectrum. 

An  immense  number  of  dark  lines  exist  in  the  spectrum  of  the 
sun's  light,  and  no  doubt  is  now  entertained  that  they  indicate  the 
presence,  in  the  outer  and  less  luminous  portion  of  the  sun's  atmo- 
sphere, of  gaseous  substances  which  vibrate  in  periods  corresponding 
to  the  positions  of  these  lines  in  the  spectrum. 

827.  Dew. — By  this  name  we  denote  those  drops  of  water  which 
are  seen  in  the  morning  on  the  leaves  of  plants,  and  are  especially 
noticeable  in  spring  and  autumn.  We  have  already  seen  (§  298)  that 
dew  does  not  fall,  as  it  is  not  formed  in  the  atmosphere,  but  in  con- 
tact with  the  bodies  on  which  it  appears,  being  in  fact  due  to  their 
cooling  after  the  sun  has  sunk  below  the  horizon,  when  they  lose 
heat  by  radiation  to  the  sky.  The  lowering  of  temperature  which 
thus  occurs,  is  much  more  marked  for  grass,  stones,  or  bare  earth  than 
for  the  air,  whose  radiating  power  is  considerably  lesa  The  con- 
sequence is  a  considerable  diflerence  of  temperature  between  the 
surface  of  the  ground  and  the  air  at  the  height  of  a  few  feet,  a  dif- 
ference which  is  found  by  observation  to  amount  sometimes  to  8*"  or 
10°  C,  and  it  is  this  which  causes  the  deposition  of  dew.    The  surface 
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of  the  earth,  as  it  gradually  cools,  lowers  the  temperature  of  the 
adjacent  air,  which  thus  becomes  saturated,  and,  on  further  cooling, 
yields  up  a  portion  of  its  vapour  in  the  liquid  form.  If  the  tempeiu- 
ture  of  the  soil  falls  below  0**  G,  the  dew  is  frozen,  and  takes  the 
form  of  hoar- fr oat 

According  to  this  theory,  it  would  appear  that  the  quantity  of  dew 
deposited  upon  a  body  should  increase  with  the  radiating  power  of 
its  surface,  and  with  its  insulation  from  the  earth  or  other  bodies 
from  which  it  might  receive  heat  by  conduction,  both  which  con- 
clusions are  verified  by  observation. 

The  amount  of  deposition  depends  also  in  a  great  measure  on  the 
degree  of  exposure  to  the  sky.  If  the  body  is  partially  screened,  its 
mdiatioa  and  consequent  cooling  are  checked.  This  explains  the 
practice  which  is  common  with  gardeners  of  employing  light  cover- 
ings to  protect  plants  from  frost — coverings  which  would  be  utterly 
powerless  as  a  protection  against  the  cold  of  the  surrounding  air. 
The  lightness  of  the  dew  on  cloudy  nights  is  owing  to  a  similar  cause ; 
clouds,  especially  when  overhead,  acting  as  screens. 

The  deposition  of  dew  is  favoured  by  a  slight  motion  of  the  atmo- 
sphere, which  causes  the  lower  strata  of  air  to  cool  down  more 
rapidly;  but  if  the  wind  is  very  high,  the  different  strata  are  so 
intermingled  that  very  little  of  the  air  is  cooled  down  to  its  dew- 
point,  and  the  deposit  is  accordingly  light.  When  these  two  obstacles 
are  combined,  namely  a  high  wind  and  a  cloudy  sky,  there  is  no  dew 
at  alL 
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828.  Conduction. — When  heat  is  applied  to  one  end  of  a  bar  of 
metal,  it  is  propagated  through  the  substance  of  the  bar,  producing 
a  rise  of  temperature,  which  is  first  perceptible  at  near  and  afterwards 
at  remote  portions.  This  transmission  of  heat  is  called  conduction, 
and  it  differs  notably  from  radiation  (1),  in  being  gradual  instead  of 
instantaneous;  and  (2),  in  exhibiting  no  preference  for  rectilinear 
transmission,  the  propagation  of  heat  being  as  rapid  through  a 
crooked  as  through  a  straight  bar. 

928  a.  Definition  of  Conductivity  or  Specific  Conducting  Power. — If 
the  application  of  heat  to  one  end  of  the  bar  be  continued  for  a  suffi- 
ciently long  time,  and  with  great  steadiness,  the  different  portions  of 
the  bar  will  at  length  cease  to  rise  in  tempei'ature,  and  will  retain 
steadily  the  temperatures  which  they  have  acquired.  We  may  thus 
distinguish  two  stages  in  the  experiment:  1st,  the  variable  stage, 
during  which  all  portions  of  the  bar  are  rising  in  temperature;  and, 
2d,  the  permanent  state,  which  may  subsist  for  any  length  of  time 
without  alteration.  In  the  former  stage  the  bar  is  gaining  heat ; 
that  is,  it  is  receiving  more  heat  from  the  source  than  it  gives  out 
to  surrounding  bodiea  In  the  latter  stage  the  receipts  and  expendi- 
ture of  heat  are  equal,  and  are  equal  not  only  for  the  bar  as  a  whole, 
but  for  every  small  portion  of  which  it  is  composed. 

In  the  permanent  state  no  further  accumulation  of  heat  takes 
place.  All  the  heat  which  reaches  an  internal  particle  is  transmitted 
by  conduction,  and  the  heat  which  reaches  a  superficial  particle  is 
given  off  partly  by  radiation  and  air-contact,  and  partly  by  conduc- 
tion to  colder  neighbouring  particles.  In  the  earlier  stage,  on  the 
contrary,  only  a  portion  of  the  heat  received  by  a  particle  is  thus 
disposed  of,  the  remainder  being  accumulated  in  the  particle,  and 
serving  to  raise  its  temperature. 
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In  order  to  obtain  results  depending  on  conduction  free  from  com- 
plications arising  from  differences  of  specific  heat  (§  340),  we  must, 
in  all  cases,  wait  for  the  permanent  state.  In  the  earlier  stage  great 
specific  heat  acts  as  an  obstax^le  to  rapid  transmission,  and  a  body  of 
great  specific  heat  would  be  liable  to  be  mistaken  for  a  body  of  small 
conductivity. 

The  measurement  of  the  conductivity  of  a  substance  is  still  further 
simplified  by  making  the  flow  of  heat  through  it  take  place  entirely 
in  one  definite  direction  (that  is  to  say  in  parallel  lines),  avoiding  all 
cross-currents.  To  this  end  it  is  necessary  that  all  points  in  the  same 
cross  section  should  have  the  same  temperature,  a  condition  which  is 
not  strictly  fulfilled  in  the  bar  above  described,  as  the  surface  will 
be  cooler  than  the  interior.  It  is  nearly  fulfilled  in  the  axial  portions 
of  the  bar,  and  it  is  very  nearly  fulfilled  in  the  central  portions  of  a 
uniform  plate  whose  breadth  in  all  directions  is  a  very  large  multiple 
of  its  thickness,  when  the  whole  of  one  face  is  maintained  as  nearly 
as  practicable  at  one  uniform  temperature,  and  the  other  face  at 
another  uniform  temperature.  In  the  central  portions  of  such  a 
plate,  the  flow  of  heat  will  be  perpendicularly  through  the  plate ;  and 
when  the  permanent  state  has  arrived,  the  amount  of  heat  that  passes 
in  a  unit  of  time  through  a  cross  section  of  area  A,  will  be  expressed 
by  the  formula 

q^hA^Ji^,  (1) 

where  x  is  the  thickness  of  the  plate,  t^  and  #2  the  temperatures  of  its 
two  faces,  and  k  a  coefficient  depending  on  the  material  of  the  plate. 
This  coeflicient  k  is  the  conductivity  of  the  material.  It  may  be 
defined  as  the  quantity  of  heat  which  flows  in  unit  time  through  a 
cross  section  of  unit  area,  when  the  thickne.ss  of  the  plate  is  unity, 
and  one  face  is  warmer  by  V  than  the  other} 

^  The  meihod  of  taking  account  of  conductivity  during  the  variable  stage  may  be  illus- 
trated by  oonsiderix^  the  simplest  case, — that  in  which  the  flow  of  heat  is  in  paraUel  Unes. 

Let  X  denote  distance  measured  in  the  direction  in  which  heat  is  flowing,  v  the  tem- 
perature at  the  time  ^  at  a  point  specified  by  x,  k  the  conductivity,  and  e  the  thermal 
capacity  per  unit  volume  (both  at  the  temperature  v).     Then  the  flow  of  heat  per  unit  time 

past  a  cross  section  of  area  A  is  -  it  A  -— ,  and  the  flow  past  an  equal  and  paraUel  section 

ax 

farther  on  by  the  smaU  distance  Sxis  greater  by  the  amount 

dx  ^        dx^ 
This  latter  expresnon  therefore  represents  the  loss  of  heat  from  the  intervening  prism  A  8x, 
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Forbes'  experiments  have  shown  that  the  conductivity  of  a  sub- 
stance is  not  the  same  at  all  temperatures.  In  view  of  this  fact,  k  in 
the  above  formula  denotes  the  average  conductivity  between  the 
temperatures  t^  and  t^.  The  variation  of  conductivity  with  tempera- 
ture is,  however,  comparatively  small. 

329.  Differences  of  Conductivity. — The  following  experiments  are 
often  adduced  in  illustration  of  the  different  conducting  powers  of 
different  solids. 

Two  bars  of  the  same  size  but  of  different  materials  (Fig.  293J  are 
placed  end  to  end,  and  small  wooden  balls  are  attached  by  wax  to 
their  nnder-surfaces  at  equal  distances.  The  bars  are  then  heated 
at  their  contiguous  ends,  and,  as  the  heat  extends  along  them,  the 


Fig.  293.— Balls  Melted  off. 

wax  melts,  and  the  balls  successively  drop  off.  If  the  heating  is 
continued  till  the  permanent  state  arrives,  it  may  generally  be  con- 
cluded that  the  bar  which  has  lost  most  balls  is  the  best  conductor, 
especially  if  both  bars  have  been  coated  with  the  same  varnish,  so  as 
to  make  their  radiating  powers  equal. 

The  well  known  expeiiment  of  Ingenhousz  is  of  the  same  kini 
The  apparatus  consists  of  a  copper  box  having  a  row  of  holes  in  one 
of  its  faces,  in  which  rods  of  different  materials  can  be  fixed.    The 

and  the  resulting  fall  of  temperature  is  the  quotient  of  the  loss  by  the  thermal  capacity 
cAdXf  which  quotient  is 

l-fi-kp). 

c  ax  ^        dz 

This,  then,  is  the  fall  of  temperature  per  unit  time,  or  is  -  -  .     If  the  nmge  of  tern* 

dt 

perature  is  small  enough  to  admit  of  our  regarding  k  and  c  as  constant,  the  equation 

becomes 

dv_k  d*j» 

di     c  dx^* 

which  applies  approximately  to  the  variations  of  temperature  in  the  soil  near  the  surface  (»f 
the  earth,  x  being  in  this  case  measured  vertically.  For  the  integral  of  this  equation,  see 
Trans.  Roy.  Soc.  Edin.  vol.  zxii.  part  ii.  p.  438. 
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Fig.  291. — Ingenhoiuz'a  Api)arataa. 


rods  having  previously  been  coated  with  wax,  the  box  is  filled  with 

boiling  water,  which  comes  into  contact  with  the  inner  ends  of  tbe 

rods.     The  wax  gradually 

melts  as  the  heat  travels 

along  the  rods ;  and,  if  the 

experiment    is   continued 

till  the  melting  reaches  its 

limit,  those  rods  on  which 

it    has  extended   furthest 

are,  generally  speaking,  the 

best  conductors 

It  is  thus  found  that  metals  are  unequally  good  conductoi-s  of  heat, 
and  that  they  may  be  aiTanged  in  the  following  order,  beginning  with 
the  best  conductors: — Silver,  copper,  gold,  bmss,  tin,  iron,  lead, 
platinum,  bismuth 

In  both  these  experiments  we  must  beware  of  attempting  to 
measure  conductivity  by  the  quickness  with  which  the  melting 
advances.  This  quickness'  may  be  simply  an  indication  of  small 
specific  heat.^ 

330.  Conducting  Power  of  Metals. — Metals,  though  differing  con- 
siderablj'^  one  from  another,  are  as  a  class  greatly  superior  in  con- 
ductivity to  other  substances,  such  as  wood,  marble,  brick.  This 
explains  several  familiar  phenomena.  If  the  hand  be  placed  upon  a 
metal  plate  at  the  temperature  of  10°  G,  or  plunged  into  mercury  at 
this  temperature,  a  very  marked  sensation  of  cold  is  experienced. 
This  sensation  is  less  intense  with  a  plate  of 'marble  at  the  same 
temperature,  and  still  less  with  a  piece  of  wood.  The  reason  is  that 
the  hand,  which  is  at  a  higher  temperature  than  the  substance  to 
which  it  is  applied,  gives  up  a  portion  of  its  heat,  which  is  conducted 
away  by  the  substance,  and  consequent!}''  a  larger  portion  of  heat  is 
parted  with,  and  a  more  marked  sensation  of  cold  experienced,  in  the 
caae  of  the  body  of  greater  conducting  power. 

331.  Davy  Lamp. — The  conducting  power  of  metals  explains  the 
curious  property  possessed  by  wire-gauze  of  cutting  off  a  flame.  If, 
for  example,  a  piece  of  wire-gauze  be  placed  above  a  jet  of  gas,  the 
flame  is  prevented  from  rising  above  the  gauze.  If.  the  gas  be  first 
allowed  to  pass  through  the  gauze,  and  then  lighted  above,  the  flame 
is  cut  off  from  the  burner,  and  is  unable  to  extend  itself  to  the  under- 
surface  of  the  gauze.     Tliese  facts  depend  upon  the  conducting  power 

^  Strictly  speaking,  tmaU  tpecific  heat  per  unit  volume,  not,  as  usual,  per  unit  mass. 
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of  metallie  gauze,  in  virtue  of  which  the  heat  of  the  flame  is  rapidly 
dissipated  at  the  points  of  contact,  the  result  being  a  diminution  of 
'  temperature  sufficient 

^  to  prevent  ignition. 

/  ^~  "   V      J^  property    of 


metallic    gauze     has 

4  been    turued    to   ac- 

%  count  for  various  pur- 

g    il  poses,   but   its   most 

^jW  useful   application  is 

y  in  the  safety-lamp  of 

Fig.  MS.— Action  of  wirt-gMn»  on  FLims.  Sir  Humphrcy  Davy. 

It  is  well  known 
that  a  gas  called  fire-damp  is  often  given  off  in  coal-mines.  It  is  a 
compound  of  carbon  and  hydrogen,  sind  is  a  large  ingredient  in  ordi- 
nary coal-gas.       , 

This  tire-damp,  when  mixed  with  eight  or  ten  times  its  volume  of 
air,  explodes  with  great  violence  on  coming  in  contact  with  a  lighted 
body.  To  obviate  this  danger,  Davy  in- 
vented the  safet}'-lamp,  which  is  an  ordi- 
nary lamp  with  the  flame  inclosed  by 
wire -gauze.  The  explosive  gases  pass 
through  the  gauze,  and  burn  inside  the 
lamp,  in  such  a  manner  as  to  warn  the 
miner  of  their  presence;  but  the  flame  is 
unable  to  pass  through  the  gauze. 

332.  Various  Applications. — The  know- 
ledge of  the  lelative  conducting  powers 
of  diflerent  bodies  has  several  important 
practical  applicationa 

In  cold  countries,  where  the  heat  pro- 
duced in  the  interior  of  a  house  should  be 
as  far  as  possible  prevented  from  escaping. 
Fig.  !oe,— Dmy  Lamp,  the  walls  shoulfl   be  of  brick  or  wood. 

which  have  feeble  conducting  powers.  If 
they  are  of  stone,  whicli  is  a  better  conductor,  a  gi'eater  thickaess 
is  required.  Thick  walls  are  also  useful  in  hot  countries  in  resisting 
the  power  of  the  solar  rays  during  the  heat  of  the  day. 

We  have  alieady  alluded  (§  2^4)  to  the  advantf^e  of  employing 
fire-brick,  which  i.s  a  bad  conductor,  as  a  lining  for  stoves. 
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The  feeble  conducting  power  of  brick  has  led  to  its  employment 
in  the  construction  of  ice-houses.  These  are  round  pits,  generally 
from  6  to  8  yards  in  diameter  at 
top,  and  somewhat  narrower  at 
the  bottom,  where  there  is  a  grat- 
ing to  allow  the  escape  of  water. 
Tlie  inside  is  lined  with  brick,  and 
the  top  is  covered  with  straw, 
which,  as  we  shall  shortly  see,  is 
a  bad  conductor.  In  order  to 
diminish  as  much  as  possible  the 
extent  of  surface  exposed  to  the 
action  of  the  air,  the  separate 
pieces  are  dipped  in  water  before 
depositing  them  in  the  ice-house, 
and,  by  their  subsequent  freezing 
together,  a  solid  ma.ss  is  produced, 
capable  of  remaining  unmelted 
for  a  very  long  time. 

333.  Experimental  Detannina-  ^   ^j  _,a^|,ou^ 

tioa  of  ConduotlTity. — Several  ex- 
perimenters have  investigated  the  conductivity  of  metals,  by  keeping 
one  end  of  a  metallic  bar  at  a  high  temperature,  and,  after  a  sufficieut 
lapse  of  time,  observing  the  permanent  temperatures  assumed  by 
different  points  in  ita  length. 

If  the  bar  is  so  long  that  its  further  end  ia  not' sensibly  warmer 
than  the  surrounding  air,  and  if,  moreover,  Newton's  law  of  cooling 
be  assumed  true  for  all  parts  of  the  surface,  and  all  parts  of  a,  cross 
section  be  assumed  to  have  the  same  temperature,  the  conductivity 
lieing  also  assumed  to  be  independent  of  the  temperature,  it  is  easily 
shown  that  the  temperatures  of  the  bar  at  equidistant  points  in  its 
length,  beginning  from  the  heated  end,  must  exceed  the  atmospheric 
temperature  by  amounts  forming  a  decreasing  geometric  series. 
Wiedemann  and  Franz,  by  the  aid  of  the  formula  to  which  these 
a.s.'iumptions  lead,*  computed  the  relative  conducting  powers  of  several 

'  If  p  and  (  denote  the  perimeter  and  sectiun  of  the  bar,  i  tbe  conductivity,  and  A  the 
cot^fficient  of  eiolHioD  of  the  surface  at  the  tfimperatura  i,  the  beat  emitted  in  unit  time 
fnim  tbe  length  3x  a  kvpSx,  if  we  Bwnme  aa  our  zero  of  temperature  the  tempera- 
ture of  tbe  surrounding  air.     But  tbe  heat  which  pauea  a  wutioo  ia  it  --,  tad  that 
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of  the  metals,  from  experiments  on  thin  bars,  which  were  steadily 
heated  at  one  end,  the  temperatures  at  various  points  in  the  length 
being  determined  by  means  of  a  thermo-electric  junction  clamped  to 
the  bar.     The  following  were  the  results  thus  obtained: — 

Eelative  Conductino  Powers. 


SUver, 100 

Copper, 77*6 

Gold, 53-2 

Brass, 33 

Zinc, 19-9 

Tin, 14-6 


Steel, 12 

Iron 11-9 

Lead, 8*5 

Platinum, 8  2 

Palladium, 6  3 

Bismuth, 1*9 


The  absolute  conductivity  of  wrought  iron  was  investigated  witli 
great  care  by  Professor  J.  D.  Forbes,  by  a  method  which  avoided 
some  of  the  questionable  assumptions  above  enumerated.  The  end 
of  the  bar  was  heated  by  a  bath  of  melted  lead  kept  at  a  unifoi-m 
tempei'ature,  screens  being  interposed  to  protect  the  rest  of  the  bar 
from  the  heat  radiated  by  the  bath.  The  temperatures  at  other 
points  were  observed  by  means  of  thermometers  inserted  in  small 
holes  drilled  in  the  bar,  and  kept  in  metallic  contact  by  fluid  metal 
In  order  to  determine  the  loss  of  heat  by  radiation  at  different  tem- 
peratures, a  precisely  similar  bar,  with  a  thermometer  inserted  in  it 
was  raised  to  about  the  temperature  of  the  bath,  and  the.  times  of 
coolinff  down  through  different  ranores  were  noted. 

The  conductivity  of  one  of  the  two  bars  experimented  on,  varied 
from  -01337  at  0°  C.  to  00801  at  275**  C,  and  the  corresponding 
numbers  for  the  other  bar  were  00992  and  -00724!,  the  units  being 
the  foot,  the  minute,  the  degree  (of  anj'^  scale),  and  the  foot-degree' 
(of  the  same  scale).  In  both  instances,  the  conductivity  decreased 
regularly  with  increase  of  temperature. 

Absolute  determinations  have  also  been  made  of  the  conductivity 
of  the  soil  or  rock  at  three  localities  in  or  near  Edinburgh,  by  Pro- 

which  passes  a  section  further  on  by  the  amount  Bx  is  less  by  the  amount  sk  -— -  5x;  aoJ 
this  difference  must  equal  the  amount  emitted  from  the  intervening  portion  of  the  surfcwx?. 

Hence,  we  have  the  equation  -j—-  =  -^  r,  the  integral  of  which  for  the  case  supposed  is 

ax'     kt 

r=Ve         •■■', 

V  denoting  the  temperature  at  the  heated  end. 
*  See  §§339,  840. 
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feasor  Forbes  and  Sir  W.  Thomson.  When  expressed  in  terms  of  the 
above  units,  they  are — 

Trap  rock  of  Calton  HUl, -000268 

Sand  of  Experimental  Garden,         ....      000169 
Sandstone  of  Craigleith  Quarry,       ....     '000689 

These  determinations  were  derived  from  observations  on  the  tem- 
perature of  the  soil  as  indicated  by  thermometers  having  their  bulbs 
buried  at  depths  of  from  3  to  24  feet.  The  annual  range  of  tem- 
perature diminished  rapidly  as  the  depth  increased ;  and  this  diminu- 
tion of  range  was  accompanied  by  a  retardation  of  the  times  of 
maximum  and  minimum.  To  deduce  the  conductivity,^  it  was 
necessary  first  to  reduce  the  annual  variation  of  each  thermometer 
to  the  sum  of  a  number  of  terms  each  of  which  would  express  a 
dmple  harmonic  variation  or  simple  vibration  (§  53a),  the  most 
important  of  these  being  the  annual  term,  which  represents  a  simple 
vibration  whose  period  is  a  year.     By  comparing  the  amplitudes  of 

this  term  at  two  diflTerent  depths,  we  obtain  the  value  of  -,  k  de- 
noting conductivity,  and  c  capacity  per  unit  volume;  and  another 
independent  determination  of  the  same  element  is  obtained  by  com- 
paring the  epochs,  in  other  words  by  noting  the  retardation  of  phase 
which  this  term  undergoes.  The  value  of  c  was  determined  by  direct 
experiments  conducted  by  Regnault,  and  lastly,  this  value  multi- 

•  it 

plied  by  —  gave  the  conductivity  k. 

334.  Conducting  Powers  of  Liquids. — With  the  exception  of  mer- 
cury and  other  melted  metals,  liquids  are  exceedingly  bad  conduc- 
tors of  heat.  This  can  be  shown  by  heating  the  upper  part  of  a 
column  of  liquid,  and  observing  the  variations  of  temperature  below. 
These  will  be  found  to  be  scarcely  perceptible,  and  to  be  very  slowly 
produced.  If  the  heat  were  applied  below  (Fig.  298),  we  should  have 
the  process  called  convection  of  heat;  the  lower  layers  of  liquid  would 
rise  to  the  surface,  and  be  replaced  by  others  which  would  rise  in 
their  turn,  thus  producing  a  circulation  and  a  general  heating  of  the 
liquid.  On  the  other  hand,  when  heat  is  applied  above,  the  expanded 
layers  remain  in  their  place,  and  the  rest  of  the  liquid  can  be  heated 
by  conduction  and  radiation  only. 

^  The  process  of  redaction  is  fully  explained,  both  theoretically  and  practically,  in  two 
papers  (by  Sir  W.  Thomson  and  the  Editor  of  this  work)  in  the  Trans.  Boy.  Soc.  Edin. 
1860. 
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The  following  experiment  is  one  instance  of  the  very  feeble  con- 
ducting power  of  water,     A  piece  of  ice  is  placed  at  the  bottom  of  a 
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Fig.  asS.-BoiliBg  of  H 


glass  tube  (Fig.  299),  which  is  then  partly  filled  witli  water ;  heat  i» 
applied  to  the  middle  of  the  tube,  and  the  upper  portion  of  the  water 
is  readily  raised  to  ebullition,  without  melting  the  ice  below. 

336.  Measure  of  the  Conducting  Power  of  Water, — The  power  of 
conducting  heat  possessed  by  water,  though  very  small,  is  yet  capable 
of  measurement.  This  was  established  by  Despretz  by  the  following 
experiment.  He  took  a  cylinder  of  wood  (Fig.  300)  about  a  yard  in 
height  and  eight  inches  in  diameter,  which  was  filled  with  water.  In 
the  side  of  tliis  cylinder  were  arranged  twelve  thermometers  one  above 
another,  their  bulbs  being  all  in  tlie  same  vertical  through  the  middle 
of  the  liquid  column.  On  the  top  of  tlie  liquid  rested  a  metal  box. 
which  was  filled  with  water  at  100°,  frequently  renewed  during  the 
course  of  the  experiment  Under  these  circumstances  Despretz 
obsei'ved  that  the  temperature  of  the  thermometers  rose  graduallj", 
and  that  a  long  time — about  30  hours — was  required  before  tlte 
permanent  state  was  assumed.  Their  permanent  differences,  wbicli 
formed  a  decreasing  geometric  series,  were  very  small,  and  were 
inappreciable  after  the  sixth  thermometer. 
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Tiie  increase  of  temperature  indicated  by  the  thermometers  might 
he  attributed  to  the  heat  received  from  the  sides  of  the  cylinder, 
though  the  feeble  conducting  power  of  wood  renders  thia  idea  some- 


Fig.  SOO.— Dggpreti'i  Eiptrimsnt. 

what  improbable.  But  Despretz  observed  that  the  temperature  was 
■higher  in  the  axis  of  the  cylinder  than  near  the  sides,  which  proves 
that  the  elevation  of  temperature  was  due  to  the  passage  of  heat 
downwards  through  the  liquid. 

From  recent  experiments  by  Professor  Guthrie,'  it  appears  that 
water  conducts  better  than  any  other  liquid  except  mercury. 

336.  Conducting  Power  of  Oases. — Of  the  conducting  powers  of 
gases  it  is  almost  impossible  to  obtain  any  direct  proofs,  since  it  is 
exceedingly  difficult  to  prevent  the  intei"ference  of  convection  and 
direct  radiation.  However,  we  know  at  lea'it  tliat  they  are  exceed- 
ingly bad  conductors.  In  fact,  in  all  cases  where  gases  are  inclosed 
in  small  cavities  where  their  movement  is  difficult,  the  system  thus 
formed  is  a  very  bad  conductor  of  heat.  This  is  the  cause  of  the 
feeble  conducting  powers  of  many  kinds  of  cloth,  of  fur,  eider-down, 
felt,  straw,  saw-dust,  &c.  Materials  of  this  kind,  when  used  as 
articles  of  clothing,  are  commonly  said  to  be  warm,  because  they 
hinder  the  heat  of  tlie  body  from  escaping.    If  a  garment  of  eider-down 
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or  fur  were  compressed  so  as  to  expel  the  greater  part  of  the  air,  and 
to  reduce  the  substance  to  a  thin  sheet,  it  would  be  found  to  be  a 
much  less  warm  covering  than  before,  having  become  a  better  con- 
ductor. We  thus  see  that  it  is  the  presence  of  air  which  gives  these 
substances  their  feeble  conducting  power,  and  we  are  accordingly 
justified  in  assuming  that  air  is  a  bad  conductor  of  heat 

337.  Norwegian  Stova.^A  curious  application  of  the  bad  con- 
ducting power  of  felt  is  occisionally  to  be  seen  in  the  north  of 
Europe,  in  a  kind  of  self-acting  cooking-box.  This  is  a  box  lined 
inside  with  a  thick  layer  of  felt,  into  which  fits  a  metallic  dish  with 


a  cover.  The  dish  is  then  covered  with  a  cushion  of  felt,  so  as  to  be 
completely  surrounded  by  a  substance  of  very  feeble  conducting 
power.  The  method  of  employing  the  apparatus  is  as  follows: — Tlie 
meat  which  it  is  desired  to  cook  is  placed  along  with  some  water  in 
the  dish,  the  whole  is  boiled  for  a  short  time,  and  then  transferred 
from  the  fire  to  the  box,  where  the  cooking  is  completed  untkout  any 


CONDUCTIVITY   OF  HYDROOEH.  i25 

fartJter  a'pplication  of  heat.  The  isolating  power  of  tbe  stuffing  of 
the  box,  as  far  as  regards  lieat,  is  exceedingly  great;  in  fact,  it  may 
be  sbown  that  at  the  end  of  three  hours 
the  temperature  of  tbe  water  has  fallen  by 
only  about  10°  or  15°  C,  and  has  accord- 
ingly remained  during  all  that  time  suffi- 
ciently high  to  conduct  tbe  operation  of 
cooking. 

338.  Conductivity  of  Hydrogen. — The 
conducting  power  of  hydrogen  is  much 
superior  to  that  of  the  other  gases — a  fact 
which  agrees  with  the  view  entertained 
by  chemists,  that  this  gas  is  the  vapour 
of  a  metal.  Tbe  good  conductivity  of 
hydrogen  is  shown  by  tbe  following  expe- 
riments: — 

1.  Within  a  glass  tube  (Fig-  302)  is 
stretched  a  thin  platinum  wire,  which  is 
raised  to  incandescence  by  tbe  passage  of 
an  electric  current.  When  air,  or  any  gas 
other  than  hydrogen,  is  passed  through 
tbe  tube,  tbe  incandescence  continues, 
though  with  less  vividness  than  in  vacuo ; 
but  it  disappears  as  soon  aa  hydrogen  is 
employed. 

2.  A  thermometer  is  placed  at  the  bot- 
tom of  a  vertical  tube,  and  heated  by  a 
vessel  containing  boiling  water  which  is 
placed  at  tbe  top  of  tbe  tube.  The  tube 
is  exhausted  of  air,  and  different  gases 
ore  successively  admitted.  In  each  case 
tbe  indication  of  the  thermometer  is  found 

,       ,  ,  .  ,  Fig.  SttS.— Cooling  bj  Contact 

to  be  lower  than  for  vacuum,  except  wben  et  H^dngflo 

the  gas  is  hydrogen.     With  this  gas,  tbe 

difference  is  in  tbe  oppo.'iite  direction,  showing  that  the  diminution 

of  radiation  bas  been  more  than  compensated  by  tbe  conducting 

power  of  the  hydrogen. 
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CALORIMETRY. 


389.  Quantities  of  Heat. — Calorimetiy  consists  in  tbe  meajsurement 
of  quantities  of  heat  This  can  be  effected  without  making  any 
assumption  as  to  what  heat  ia  It  merely  presupposes  the  power  of 
identifying  equal  quantities. 

If  two  different  thermic  actions,  of  which  one  may  be  friction,  and 
the  other  combustion,  when  separately  applied  to  the  heating  of  a 
pound  of  water,  raise  its  temperature  in  each  case  from  0°  C.  to  1°  C, 
we  say  that  the  water  receives  equal  quantities  of  heat  in  both  cases; 
and  the  quantity  of  heat  required  to  raise  m  pounds  of  water  fix)m 
0**  C.  to  V  C.  would  be  m  times  as  great. 

In  order  to  test  whether  the  quantity  of  heat  required  to  raise  the 
temperature  of  a  pound  of  water  by  1°  C.  is  the  same  at  all  initial 
temperatures  of  the  water,  we  may  employ  the  method  of  mixtures^ 
Let  us,  for  example,  mix  3  lbs.  of  water  at  15°  with  S'lba  at  35°,  Mid 
observe  the  temperature  of  the  mixture.  If  this  temperature  be 
denoted  by  aj,  the  3  lbs.  have  risen  through  the  range  a;— 15,  and  the 
5  lbs.  have  fallen  through  the  range  35— re.  If  a  rise  or  fall  of  l"* 
involves  the  same  gain  or  loss  of  heat  at  all  temperatures,  the  quan- 
tity of  heat  gained  by  the  3  lbs.  may  be  represented  by  3  (aj— 15), 
and  the  heat  lost  by  the  5  lbs.  will  be  represented  by  5  (35— a;).  But 
what  the  one  has  gained  the  other  has  lost ;  we  have  therefore 

8(x-15)=5(36-a;), 

whence 

x=27-5. 

Calculation,  based  on  this  principle,  is  found  to  agree  very  accurately 
with  experiment  up  to  about  40°  C.  We  may  therefore  define,  the 
unit  of  heat  as  the  quantity  of  heat  required  to  raise  tJie  temperature 
of  unit  maaa  of  water  1°,  between  the  limits  0°  C.  and  40°  C. 
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Several  different  units  of  heat  are  employed,  all  having  reference 
to  pure  water  between  these  limits  of  temperature. 

The  gramme-degree  (Centigrade)  is  the  quantity  of  heat  required 
to  raise  a  gramme  of  water  V  (Centigrade). 

The  kilogramme-degree  (Centigrade)  is  the  heat  required  to  raise 
a  kilogramme  of  water  1°  (Centigrade).  It  is  sometimes  called  the 
caZorie. 

The  pound-degree  (^Fahrenheit  or  Centigrade)  is  the  heat  required 
to  raise  a  pound  avoirdupois  of  water  1**. 

The  foot- degree  (Fahrenheit  or  Centigrade)  is  the  heat  required  to 
raise  a  cubic  foot  of  water  1°. 

We  shall  briefly  describe  in  this  chapter  three  of  the  most  important 
applications  of  calorimetry : — 

1.  In  connection  with  changes  of  temperature  (s])ecific  heat) ; 

2.  In  connection  with  change  of  state  (latent  heat) ; 

3.  In  connection  with  chemical  actions  (heat  of  combination). 
840.  Thermal  Capacity — Specific  Heat. — The  thermal  capacity  of  a 

body  is  the  quantity  of  heat  required  to  raise  the  temperature  of  the 
body  one  degree.  It  is  numerically  equal  to  the  mass  or  yolume  of 
water  (according  to  the  unit  of  heat  employed)  which  would  be  raised 
one  degree  by  the  same  quantity  of  heat. 

The  specific  heat  of  a  substance  is  the  thermal  capacity  of  unit  mass 
of  the  substance,  or,  more  simply,  is  the  ratio  of  the  thermal  capacity 
of  the  substance  to  that  of  an  equal  weight  of  water.  It  is  obviously 
independent  of  the  unit  of  mass  and  scale  of  temperature  adopted. 

It  is  sometimes  necessary  to  consider  the  thermal  capacity  of  unit 
volume  of  a  substance.^  This  will  be  the  same  as  the  ratio  of  the 
thermal  capacity  of  the  substance  to  that  of  an  equal  volume  of  water, 
if  we  employ  as  unit  of  heat  the  heat  required  to  raise  unit  volume 
of  water  one  degree.  In  discussions  relating  to  conduction,  if  the 
foot  be  made  the  linear  unit,  the  unit  of  heat  employed  should  be  the 
heat  required  to  raise  a  cubic  foot  of  water  one  degree.  Thermal 
capacity  per  unit  volume  is,  like  thermal  capacity  per  unit  mass, 
independent  of  the  units  employed,  provided  they  are  employed 
consistently. 

Experiment  shows  that  nearly  equal  quantities  of  heat  are  required 
to  raise  a  body  through  1°  at  all  temperatures  between  0°  C.  and 

*  This  is  evidently  equal  to  ipecifie  heat  multiplied  by  density ;  that  is,  to  the  thermal 
capacity  of  unit  mans  multiplied  by  the  number  of  units  of  mass  which  are  contained  in  a 
unit  of  yolun&e. 
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100°  C. ;  in  other  words,  specific  heat  varies  but  very  slightly  witli 
temperature  between  these  limits.  The  quantity  of  heat  which  must 
be  added  to  or  taken  from  a  body  to  raise  or  lower  its  temperature 
by  T°  will  therefore  be  proportional  to  T,  and  will,  in  fact,  be  given 
by  the  formula 

Q  =  W  ST, 

where  W  denotes  the  weight  of  the  body,  and  S  its  specific  beat.  The 
product  WS  ia  the  thermal  capacity  of  the  whole  body. 

The  specific  heats  of  different  substances  differ  very  widely  from 
one  another.     This  is  easily  tested  by  the  following  experimeni' 

A  number  of  balls,  of  different 
materials  and  of  equal   weight, 
I  are  heated  to  the  same  tempera- 

ture— suppose  200° — and  placed 
upon  a  wax  disc  Eacb  of  the 
balls  gives  up  part  of  its  heat 
to  the  wax,  causing  it  to  melt, 
and  thus  making  a  hole  through 
which  the  ball  finally  drops. 
The  balls  of  the  greatest  spedfic 
heat  drop  through  first;  thus 
the  iron  ball  falls  before  the 
copper,  the  copper  ball  before 
tbe  tin,  &c.,  while  the  balls  of 
Fig.  3ii3.-B»ita  Mailing  their  ".y  throngb  Di».  lead  and  bismuth  are  much 
slower  in  tbeir  action,  and,  if 
the  disc  be  moderately  thick,  never  get  tlirough  at  all 

As  another  example  we  may  take  the  following  experiment,  which 
serves  to  show  the  great  difference  between  the  specific  heat  of  mer- 
cury and  that  of  water. 

Akitogrammeof  waterat  10°and  a  kilogramme  of  mercury  at  100° 
are  poured  into  the  same  vessel  and  well  shaken  together.  Tbe  tem- 
perature of  the  whole  is  then  found  to  be  about  13°,  the  water  bavbg 
gained  3  units  of  heat,  which  have  been  furnished  by  the  mercury, 
and  this  loss  lias  caused  the  temperature  of  the  latter  to  fall  through 

'  Critically  considered,  this  eiperimeot  gives  undue  »d»»iit»ge  to  the  ball*  ot  keftvj 
material,  because  they  have  not  (o  tu&ke  such  large  holes  for  themselves  as  the  lighter  oaet, 
in  order  to  get  through.  If  tbe  balls  are  all  made  of  the  same  hit,  wa  have  a  [vet^  bir 
test  of  their  thermal  capacitia  per  unit  Kolumc, 
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87°.  Thus  we  see  that  the  specific  heat  of  mercury  is  about  ^  or  ■ 
that  of  water  being  unity.' 

In  order  to  determine  this  element  exactly,  a  number  of  minute 
precautions  are  required;  in  feet,  the  experiment  just  described  ia  to 
be  regarded  merely  as  a  means  of  readily  exhibiting  the  difference 
between  the  specific  heats  of  the  two  bodies.  The  methods  of  accur- 
ately determining  specific  heats  are  various ;  we  shall  describe  only 
two  of  them. 

341.  Uetbod  by  FuBioo  of  lee. — A  hole  is  scooped  in  a  solid  block 
of  ice,  and  a  lid  of  the  same  substance  is  fitted  over  it.  A  body  of 
weight  W  is  heated  to  a  temperature  T  and 

placed  in  the  bole,  which  is  immediately 
covered  with  the  lid.  The  body,  in  cooling 
down  to  0°,  gives  off  a  quantity  of  heat  which 
melts  some  of  the  ice.  The  water  thus  ob- 
tfdned  is  wiped  up  with  cotton  wool,  which 
ia    then   weiglied,   having    previously  been 

weighed  dry.  If  the  weight  of  water  thus  Fig.  M*.-iM-bi«k  c^otimetei. 
found  be  denoted  by  m,  the  quantity  of  heat 

necessary  to  produce  it  is,  by  §  228,  79  in.  But  this  beat  is  supplied 
by  the  body,  and  has  produced  in  it  a  fall  of  temperature  amount- 
ing to  T°,  which  correspond  to  WST  units  of  heat,  S  being  the  spe- 
cific heat  of  the  body.     Hence  we  have  \VST=79  m,  whence  S  = 

wT" 

This  method  ia  due  to  the  Swedish  philosopher  Wilke,  and  is  dif- 
ficult of  application  in  our  climate.  An  apparatus,  based  on  the  same 
principle,  and  called  the  ice-calorimeter,  was  employed  by  Lavoisier 
and  Laplace,  and  has  recently  been  improved  by  Bunsen  {Phil.  Mag. 
March,  1871). 

342.  Method  of  Mixtures — Ita  Principle. — The  method  of  mixtures 
resembles  the  experiment  which  we  have  ah'cady  described  as  illus- 
trating the  difference  between  the  specific  heats  of  mercury  and  water.'* 

'  The  Bpeci6o  heat  of  mercury  is  almost  exactly  j, ;  bctj  table  S  344. 

'  If  weights  a,  W  of  two  Bubetaucea  whose  epeeilio  beata  are  «,  i  and  laiuperatures  (,  f , 
are  mixed,  Che  tuljBtaiices  being  Buppoeed  not  to  act  cbemically  on  one  another,  and  no 
heat  being  gained  or  lost  externally,  it  is  easily  abown  that  tbe  temperature  of  the  mixture 
wiUU  ,        ,   ,^ 


and,  by  appeodiiig  additional  tenns  Co  numerator  and  denominitCor,  tlie  formula  becomes 
applicable  to  a  mixture  of  any  number  of  substaDcea, 
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A  body  of  a  knowQ  weight  W  is  raised'  to  a  fixed  temperature  T, 
and  tlien  plunged  into  a  quantity  of  water  of  weight  W  and  tem- 
perature t,  which  is  contained  in  a  copper  vessel  called  a  calorimeter. 
As  T  is  supposed  to  exceed  t,  the  water  gains  in  temperature  by  the 
immersion  of  the  body,  and  finally  attains  a  maximum  temperature  fl. 
which  is  noted.  In  the  change  from  t  to  d,  the  water  has  gained  a 
quantity  of  heat  equal  to  W  [Q—Vj^  and  the  body  immersed  has  lost 
a  quantity  equal  to  Vf  x  (T  —  d),  x  being  the  specific  heat  required. 
Equating  these  two  quantities,  we  have 

whence 

W  (T  -  d) 

843.  Sources  of  Error. — Such  is  the  principle  of  the  method  of 
mixtures ;  but,  upon  closer  examination,  it  will  easily  be  seen  that 
equation  (a),  for  various  reasons,  must  be  regarded  as  only  approxi- 
mate. 

I.  The  equation  assumes  that  the  only  exchange  of  heat  is  between 
the  body  and  the  water,  which  is  not  actually  the  case. 

1.  The  body  is  often  contained  in  an  envelope  which  cools  along 
with  it,  and  thus  furnishes  part  of  the  heat  given  up. 

2.  The  heat  of  the  body  is  not  given  up  exclusively  to  the  water 
in  the  calorimeter,  but  partly  to  the  calorimeter  itself,  to  the  thermo- 
meter, and  to  such  other  instruments  as  may  be  employed  in  the 
experiment,  as,  for  instance,  a  rod  to  stir  the  liquid  for  the  purpose 
of  establishing  uniformity  of  temperature  throughout  it. 

The  equation  for  the  most  general  case  can  easily  be  written  down. 
We  have  only  to  express  that  the  quantity  of  heat  given  up  by  the 
body  and  its  envelope  is  equal  to  that  gained  by  the  water,  the 
calorimeter,  the  thermometer,  and  the  rod. 

Let  W  denote  the  weight  of  the  body,  T  its  initial  temperature, 
X  its  specific  heat,  m  the  weight  of  the  envelope,  a  its  specific  heat. 
W  the  weight  of  the  water  in  the  calorimeter,  w  the  weight  of  the 
calorimeter,  c  its  specific  heat,  uf  the  weight  of  the  glass  of  the  ther- 
mometer, c'  its  specific  heat,  w'*  the  weight  of  the  mercury,  c"  its 
specific  heat,  V)"  the  weight  of  the  rod  for  stirring,  c"  its  specific 
heat,  B  the  final  temperature. 

Under  these  circumstances  we  evidently  have  the  equation 
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whence  we  find 

The  above  equation  is  the  general  type  of  all  equations  which  occur 
in  questions  of  this  kind ;  the  only  difference  that  can  arise  is  in  the 
number  of  the  terms,  jsince  each  term  represents  a  quantity  of  heat 
gained  or  lost  by  one  of  the  bodies  employed  in  the  experiment 

In  the  above  expression  for  x,  the  coefficient  of  {Q  —  t)  is  what  is  called 
the  lixiter-equivalent  of  the  calorimeter,^  representing,  in  fact,  a  mass 
of  water  such  that,  supposing  it  to  receive  exclusively  all  the  heat 
given  up  in  the  experiment,  a  thermometer  placed  in.  it  would  indi- 
cate the  variation  of  temperature  actually  observed.  Among  the 
elements  which  enter  this  coefficient  are  the  specific  heat  of  the 
material  of  the  calorimeter  and  of  the  rod  for  stirring;  these  are 
generally  made  of  brass,  and  their  specific  heat  may  be  considered  as 
known  with  sufficient  approximation  from  previous  experimenta 
The  two  terms  connected  with  the  thermometer  may  be  directly 
determined  by  a  previous  experiment  with  a  body  whose  specific  heat 
is  known. 

II.  The  calorimeter,  when  heated  by  the  body  immersed  in  the 
liquid,  loses  a  certain  quantity  of  heat  by  radiation,  which  must  be 
taken  into  account  if  we  wish  to  obtain  a  rigorous  result.  For  this 
purpose  a  very  simple  method  of  compensation  was  proposed  by 
Rumford.  It  consists  in  lowering  the  initial  temperature  of  the 
calorimeter  below  that  of  the  surrounding  air  by  a  number  of  degrees 
equal  to  the  excess  of  the  final  temperature  above  that  of  the  sur- 
rounding air,  which  may  easily  be  effected  by  means  of  a  previous 
trial  In  this  case  the  experiment  may  be  divided  into  two  pafts, 
during  the  first  of  which  the  calorimeter  gains  heat  by  radiation, 
while  during  the  second  it  loses  heat  by  the  same  process.  As  the 
difference  of  temperature  between  the  calorimeter  and  the  air  is 
the  same  in  both  cases,  we  may  consider  the  quantities  of  heat  as 
equaL  The  compensation,  however,  is  not  exact,  since  the  two 
periods  are  of  unequal  length,  and  accordingly  the  method  adopted 
by  most  investigators  has  been  different.  This  consists  in  deter- 
mining the  constant  in  the  expression  for  the  rate  of  cooling  (§  307), 
and  employing  it  in  the  direct  calculation  of  the  number  of  degrees 
lost  by  radiation.     In  order  to  effect  this  calculation,  instead  of  sup- 

^  This  is  only  another  n&me  for  the  thermal  capacity  of  the  calorimeter  and  its  contend. 
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posing  the  variation  of  temperature  to  be  continuous,  they  divide 
the  entire  length  of  the  experimeot  into  a  number  of  parts,  during 
each  of  which  they  suppose  the  excess  constant,  and  this  method  of 
approximation  is  always  found  to  be  sufficient 

III.  The  calorimeter  losea  heat  also  by  the  supports  on  which  it 
rests.  This  source  of  error  can  never  be  entirely  removed,  but  it  may 
easily  be  rendered  so  small  as  to  be  quite  insensible  This  is  effected 
by  making  the  supports  of  some  substance  which  is  a  very  bad  con- 
ductor, and  by  diminishing  the  extent  of  surface  of  contact  between 
them  and  the  calorimeter. 

Finally,  we  should  ascertain  carefully  the  initial  temperature  of 
the  body,  aod  provide  against  any  fall  of  temperature  in  transferriog 
it  from  the  place  of  heating  to  the  calorimeter. 

344.  Begnault's  Apparatus. — The  subject  of  specific  heat,  both  for 
solids  and  liquids,  has  been  investigated  with  great  care  by  Regnault, 
who  employed  for  that  purpose  an  apparatus  in  which  the  advantages 


— B«EDauIt'a  AppdtatuB. 


of  convenience  and  precision  are  combined.  The  body  whose  specific 
heat  is  required  is  divided  into  small  fragments,  which  are  ])laced  in 
a  cylindrical  basket  G  of  very  fine  brass  wire  This  basket  is  sus- 
pended inside  tlie  steamer  A,  the  suspending  thread  being  fixed  by 
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tlie  cork  K,  through  which  passes  the  stem  of  a  thermometer,  the 
reservoir  of  which  rests  in  a  small  tube  in  the  centre  of  the  basket, 
and  made  of  the  same  material  The  steamer  is  a  double  cylinder, 
the  inside  compartment  B  of  which  is  filled  with  steam  supplied  by 
the  boiler  V,  and  afterwards  conducted  by  the  tube  D  into  a  con- 
denser. In  the  bottom  of  the  steamer  is  a  sliding-door  E,  which  can 
be  drawn  out  when  required.  The  outside  compartment  C  is  filled 
with  air,  to  prevent  the  temperature  of  the  inside  from  cooling  by 
contact  with  the  air  outside. 

This  entire  apparatus  rests,  by  means  of  a  sheet  of  cork,  upon  a 
hollow  metal  vessel  MNj  filled  with  water,  the  vertical  face  of  which 
N  serves  as  a  screen  to  protect  the  calorimeter  against  the  heat  of  the 
fire.  The  calorimeter  itself  is  a  vessel  of  very  thin  polished  brass,  rest- 
ing upon  silk  threads  stretched  across  the  bottom  of  a  larger  vessel. 
This  latter  rests  by  three  points  upon  a  small  wooden  sled,  which 
runs  smoothly  along  a  rail.  The  thermometer  for  measuring  the 
temperature  of  the  water  in  the  calorimeter  is  can-ied  by  a  support 
attached  to  the  sled.  After  this  explanation  of  the  details,  we  pro- 
ceed to  indicate  the  course  of  an  experiment. 

The  body  is  placed  in  the  basket,  introduced  into  the  steamer,  and 
there  exposed  to  the  action  of  the  steam  which  is  admitted  from  the 
boiler.  During  this  part  of  the  experiment  the  calorimeter  is  kept 
as  far  as  possible  from  the  steamer.  After  the  lapse  of  an  hour  or 
two,  the  thermometer  of  the  steamer  remains  stationary. 

The  calorimeter  is  now  pushed  below  the  sliding-door  E,  the  door 
is  drawn,  and  the  basket  is  rapidly  lowered  into  the  calorimeter, 
which  is  immediately  slid  back  to  its  former  place.  The  basket  is 
moved  about  in  it  for  some  time,  and  the  final  temperature  of  the 
water  is  observed.  Thus  we  have  all  the  elements  required  for  the 
equation  given  above. 

To  determine  the  specific  heats  of  liquids,  a  thin  glass  vessel  is 
employed,  in  which  the  liquid  is  contained,  and  the  eflFect  pro- 
duced by  this  envelope  is  taken  into  consideration  in  the  general 
equation. 

The  same  method  is  adopted  for  bodies  soluble  in  water,  or  upon 
which  water  has  a  chemical  action,  some  other  liquid  being  in  this 
case  substituted,  as,  for  instance,  oil  of  turpentine.  The  specific  heats 
of  several  substances  are  given  in  the  following  table: — 

28 
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Water, 


Solids. 


Antamony, 
Silver,     . 
Arsenic, 
Bismuth, 
Cadmium, 
Charcoal, 
Copper,  . 
Diamond, 
Tin,    .     . 
Iron,  .     . 
Iodine^    . 


Mercury, 
Acetic  acid, 
Alcohol  at  36° 


006077 
005601 
008140 
0*03084 
0-05669 
0-24150 
0-09215 
0-14680 
0-05623 
0-11379 
0-05412 

0-03332 

0-6589 

0-6735 


Liquids. 


.    1-00000 

Brass 0*09391 

Nickel, 0-10860 

Gold, 003244 

Phosphorus,     .    .     .  0*18870 

Platinum,    ....  0*03243 

Lead, 003140 

Plmi^ago,  ....  0-21800 

Sulphur,      ....  0-20259 

Glass, 0*19768 

Zinc, 0*09555 

Ice, 0*5040 

Benzine,   .     .     .  , .     .  0*3952 

Ether,  ......  05157 

Oil  of  turpentine,    .     .  04629 


345.  Great  Specific  Heat  of  Water. — This  table  illustrates  the 
important  fact,  that,  of  all  substances,  water  has  the  greatest  specific 
heat ;  that  is  to  say,  it  absorbs  more  heat  in  warming,  and  gives  out 
more  heat  in  cooling,  through  a  given  range  of  temperature,  than  an 
equal  weight  of  any  other  substance.  The  quantity  of  heat  which 
raises  a  pound  of  water  from  0°  to  100°  C.  would  suffice  to  raise  a 
pound  of  iron  from  0°  to  about  900°  C,  that  is,to  a  bright  red  beat ; 
and  conversely,  a  pound  of  water  in  cooling  from  100°  to  0°,  gives 
out  as  much  heat  as  a  pound  of  iron  in  cooling  from  900°  to  0°.  This 
property  of  water  is  utilized  in  the  heating  of  buildings  by  hot  water, 
and  in  other  familiar  instances,  such  as  the  bottles  of  hot  water  used 
for  warming  beds,  and  railway  foot- warm  era 

It  is  of  especial  importance  from  the  influence  which  it  exerts  on 
teiTestrial  temperatures.  In  fact,  when  we  consider  this  property 
in  conjunction  with  those  which  have  been  indicated  in  §§  2iS  and 
247,  we  perceive  that  all  the  thermic  modifications  which  water 
undergoes  are  accompanied  by  the  evolution  or  absorption  of  remark- 
ably large  quantities  of  heat.  If,  for  instance,  the  external  tem- 
perature rises,  much  of  the  additional  heat  is  consumed  in  wamuDg 
the  water,  or  in  converting  it  into  vapour,  or  in  melting  ice.  If,  on 
the  other  hand,  the  temperature  falls,  a  large  amount  of  heat  is  given 
up  to  the  air  by  the  cooling  of  the  water,  the  condensation  of  vapour, 
or  the  formation  of  ice.  In  both  cases,  the  change  of  temperature  is 
greatly  mitigated.  If  the  water  of  the  globe  were  removed,  the  dif- 
ference of  temperature  between  day  and  night,  and  between  summer 
and  winter,  would  very  far*  exceed  what  are  observed  at  present. 
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346.  Dalong  and  Petit's  Law. — Dulong  and  Petit  were  the  first  to 
observe  that  the  product  of  the  specific  heat  of  any  body,  and  what 
is  called  in  chemistry  its  atomic  weight,  is  constant.  This  law  is  of 
considerable  importance,  for  it  shows  that  atoms  require  each  the 
same  amount  of  heat  to  raise  them  through  the  same  number  of 
degrees.  In  fact,  if  w  be  the  atomic  weight  of  a  body,  and  c  its 
specific  heat,  the  quantity  of  heat  necessary  for  a  variation  of  tem- 
perature of  V  is  cWy  and  it  was  this  product  which  Dulong  and  Petit 
found  to  be  constant 

347.  Specific  Heats  of  Gases. — The  limits  of  this  treatise  do  not 
permit  us  to  enter  into  the  details  of  the  complicated  processes  by 
which  the  specific  heats  of  gases  have  been  determined.  It  is  neces- 
sary, however,  to  remark  that,  in  the  case  of  gases,  two  kinds  of 
specific  heat  mu^t  be  distinguished. 

1.  Specific  Heat  at  Constant  Pressure, — This  is  the  quantity  of 
heat  required  to  raise  the  temperature  of  unit  weight  of  the  gas  by 
one  degree,  when  the  gas  is  allowed  to  expand  to  such  an  extent  that 
its  pressui'e  remains  unchanged  during  the  whole  operation  of  heating. 

2.  Specific  Heat  at  Constant  Volume, — This  is  the  amount  of  heat 
required  to  raise  the  tem|)erature  of  unit  weight  of  a  gas  by  one 
degree,  when  the  gas  is  compelled  to  retain  its  original  voluma 

The  former  of  these  exceeds  the  latter  by  the  amount  of  heat  con- 
sumed in  producing  the  expansion. 

A  similar  distinction  exists  in  the  case  of  liquids  and  solids,  but  it 
is  not  often  attended  to.  What  is  always  understood  by  specific  heat 
in  the  case  of  these  bodies  is  in  fact  their  specific  heat  at  constant 
pressure.  The  resistance  of  solids  and  liquids  to  compression  is  so 
enormous  that  a  pressure  of  one  or  two  atmospheres  may  be  neglected 
as  regards  its  effect  upon  their  temperature  and  thermal  capacity. 
But,  in  dealing  with  gases,  the  case  is  far  otherwise,  and  one  of  the 
most  important  data  for  the  solution  of  questions  in  gaseous  mechanics 
is  the  ratio  of  their  two  specific  heats. 

The  best  experiments  on  the  specific  heats  of  gases  are  those  of 
Regnault*  They  have  established  the  two  following  conclusions  for 
specific  heat  at  constant  pressure : — 

(1)  The  specific  heat  (or  thermal  capacity  per  unit  mass)  of  one  and 
the  same  gas,  whether  simple  or  compound,  is  the  sarne  at  all  pres- 
sures  and  temperatures, 

(2)  The  specific  heats  of  different  simple  gases  are  approximately  in 
the  inverse  ratio  of  their  relative  densities  (§  220),  or  of  their  atomic 
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weights,  according  to  Dulong  and  Petit's  law.  This  may  be  other- 
wise expressed  by  saying  that  all  simple  gases  have  nearly  the  same 
thermal  capacity  per  unit  volume,  when  at  the  same  pressure  and 
temperature. 

The  specific  heat  of  dry  air  (at  constant  pressure),  according  to 
Regnault,  is  '2375 ;  that  is  to  say,  the  thermal  capacity  of  a  given 
weight  of  air  is  2375  of  that  of  an  equal  weight  of  water. 

The  above  conclusions  (1)  and  (2)  are  also  true  of  specific  heat  at 
constant  volume,  as  far  as  regards  simple  gases  and  air  (which,  being 
merely  a  mechanical  mixture,  obeys  the  same  laws  as  a  simple 
gas).  The  two  following  consequences  have  been  experimentally 
confirmed. 

(3)  The  difference  between  the  two  tliei^mal  capacities  per  unit 
volume,  at  a  given  pressure  and  temperature,  is  the  same  for  all 
permanent  gasea 

(4)  The  ratio  of  the  two  specific  heats  is  constant  for  all  simple 
gases,  its  value  being  about  1*4j1. 

It  is  important  to  remark,  that  the  temperatures  of  the  gases  in 
Regnault's  experiments  were  given  by  an  air-thermometer,  so  that 
his  result  as  regards  the  constancy  of  specific  heat  at  all  temperatures 
may  be  thus  stated: — If  equal  quantities  of  heat  be  successively 
added  to  a  gas  at  constant  pressure,  the  volume  of  the  gas  tvill 
increase  in  anthmetical  progression. 

84?  A.  Belation  of  Pressure  to  Volame  when  no  Heat  enters  or 
escapes. — Boyle's  law  asserts  that  the  density  of  a  gas  varies  directly 
as  the  pressure,  when  the  temperature  is  the  same  in  the  cases  com- 
pared. If  no  heat  is  allowed  to  enter  or  escape,  the  temperature  of 
the  gas  will  rise  when  the  pressure  is  increased,  and  the  volume  will 
not  be  so  much  diminished  as  it  would  be  if  the  temperature  remained 
constant. 

Suppose  that  a  quantity  of  gas  at  volume  V,  pressure  P,  and  tem- 
perature T,  receives  a  small  addition  of  heat  g,  the  gas  being  alloAved 
to  expand  at  constant  pressure,  so  that  its  volume  becomes  V+r,  and 
its  temperature  T+^,  its  pressure  being  still  P. 

Now  let  the  gas  be  compressed  without  allowing  any  heat  to  enter 
or  escape,  till  its  volume  is  V  as  at  first;  and  let  its  temperature  now 
be  T  +  ^  +fit,  and  its  pressure  P+/>. 

It  is  now  sensibly  in  the  same  condition  as  if  the  quantity  q  of 
heat  had  been  imparted  to  it  without  allowing  any  change  of  volume 
to  take  place;  so  that  the  same  quantity  q  of  heat  which  produces  an 
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elevation  of  temperature  t  at  constant  pressure,  would  produce  an 
elevation  ^+i3^  at  constant  volume.  The  specific  heats  are  inversely 
as  these  elevations  of  temperature;  hence  we  have 

Specific  heat  at  constant  pressure  _  t  ,  o  fn\ 

Specific  heat  at  constant  volume 

To  determine  the  change  of  pressure,  we  have 

i*  V     '       l  +  a(T  +  0     '  V  1  +  aT     ' 

hence 

P  J  +  aT  "*■     1  +  aT    ' 

therefore  |=^|*±^);  but  we  have  ^=,^^=; 

P       1+aT  '  V     1+aT 

therefore 

-|=(l+/5)f  (3) 

a  result  which  is  of  great  importance  in  connection  with  the  velocity 
of  sound.  In  fact,  experiments  on  the  velocity  of  sound  have  fur- 
nished the  most  precise  determinations  hitherto  made  of  the  value  of 
1  +j3,  which,  as  above  indicated,  is  of  the  ratio  of  specific  heat  at 
constant  pressure  to  specific  heat  at  constant  volume,  and  is  about 
141.1 

348.  Heat  of  Fusion. — The  method  of  mixtures  may  be  employed 
to  determine  the  quantity  of  heat  absorbed  by  a  body  in  its  passage 
fi*om  the  solid  to  the  liquid  state.  For  instance,  a  piece  of  ice  at 
zero  is  carefully  weighed  and  plunged  into  water  contained  in  a 
calorimeter.  The  temperature  of  the  water  falls  until  a  certain  Umit 
is  attained,  which  is  then  observed.  Suppose  now  that  we  have  the 
following  data : — 

m  the  thermal  capacity  of  the  calorimeter,  or  the  equivalent  of 
the  calorimeter  in  weight  of  water;  t  its  initial  temperature;  d  \t8 
final  temperatfure ;  w  the  weight  of  the  ice;  x  the  latent  heat  of 
fusion. 

The  heat  required  to  melt  the  iceia  wx,  and  the  heat  required  to 

^  It  is  easily  shown,  by  integrating  equation  (3),  that  the  general  relation  between 
volume  and  pressure,  when  no  heat  enters  or  escapes,  is 


Vj,  Va  denoting  the  volumes  at  pressures  P,,  Pj. 


P«^/v,y+/3 
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raise  the  water  which  it  yields  to  the  temperature  Ois  wd.  The  sum 
of  these  two  quantities  must  be  equal  to  m  (t—d),  the  heat  given  up 
by  the  calorimeter;  that  is, 

w(x-\-e)=m  {t-6), 

from  which  equation  x  is  easily  found.  Since  this  experiment  neces- 
sarily occupies  a  considerable  time,  the  radiation  from  the  calorimeter 
must  be  taken  into  account.  For  this  purpose  a  continual  series  of 
observations  is  taken  of  the  temperatures  indicated  by  the  thermo- 
meter immersed  in  the  liquid,  and  the  quantities  of  heat  gained  or 
lost  are  estimated  by  the  method  described  above  (§  343).  In  this 
way  the  heat  of  fusion  of  ice  was  fixed  by  Laprovostaye  and 
Desains  at  79*25  Centigrade,  which  is  equivalent  to  142-65  Fah- 
renheit. 

When  the  body  melts  at  a  high  temperature,  the  method  is  reversed; 
the  body  is  first  melted,  and  then  immersed  in  the  calorimeter.  In 
doing  this,  precautions  must  be  taken  to  prevent  the  vaporization  of 
a  portion  of  the  water;  for  instance,  the  body  may  be  inclosed  in  a 
small  thin  box  which  is  not  completely  opened  until  towards  the 
close  of  the  experiment.  Suppose  we  have  W,  the  equivalent  of  the 
calorimeter  in  water;  t  its  initial  temperature;  0  its  final  temperature; 
w  the  weight  of  the  body ;  T  its  initial  temperature ;  T  its  melting- 
point  ;  c  its  specific  heat  in  the  solid  state ;  c'  its  specific  heat  in  the 
liquid  state ;  from  these  data  the  equation  will  evidently  be 

neglej3ting  the  correction  for  radiation,  which  can  be  determined  by 
the  ordinary  methods. 

One  of  the  quantities  which  enter  into  this  equation  is  the  specific 
heat  of  the  body  in  the  solid  state,  which  may  be  considered  as  known. 
The  specific  heat  of  the  body  in  the  liquid  state  may  be  deduced  by 
combining  this  equation  with  another  of  the  same  kind,  in  which  the 
initial  temperature  of  the  melted  body  is  difiTerent  In  the  case  of 
bodies  which,  like  mercury  and  bromine,  are  liquid  at  ordinary  tem- 
peratures, the  specific  heat  in  the  solid  state  can  be  found  by  a  similar 
but  inverse  process. 

The  following  table  gives  the  heats  of  fusion  of  several  substances, 
together  with  their  specific  heats  in  both  statea 
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SaUUium 

Meltii^.polnt. 

In  the 
Solid  Bute. 

Id  tha 
liquid  SUle. 

IJ.lw.tH«t(.f 
Fiulou. 

0- 
44-20 
111 
-7-32 
232 
266 
326 
-89 

■6040 
■2000 
■2020 
■0840 
■0560 
■0308 
■0314 
■0819 

I 

0000 
2000 
2340 
1070 
0640 
0363 
0403 
0333 

79-260 
G'400 

a-sss 

IB'185 
14-252 
12-640 
5-369 
2-820 

849.  Heat  of  Evaporation. — The  latent  heat  of  evaporation  of 
water,  and  of  some  other  liquids,  can  be  determined  by  means  of 
De^pretz's  apparatus,  which  is  shown  in  Fig.  306. 

The  liquid  is  boiled  in  a  retort  C,  which  is  connected  with  a  worm  S 


.-^Dupnti'i  Appantui. 


surrounded  by  cold  water,  and  terminating  in  the  reservoir  R  The 
vapour  is  condensed  in  the  worm,  and  collects  in  the  reservoir,  whence 
it  can  be  drawn  by  means  of  the  stop-cock  r.  The  tube  T,  which  is 
fitted  with  A  stop-cock  r',  serves  to  establish  communication  between 
tlie  reservoir  and  the  atmosphere,  or  between  the  reservoir  and  a 
!<pace  where  a  fixed  pressure  is  maintained,  so  as  to  produce  ebulli- 
tion at  any  temperature  required,  which  is  indicated  by  the  tbermo- 
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meter  t  A  is  an  agitator  for  keeping  the  water  at  a  uniform  tem- 
perature, which  is  indicated  by  the  thennometer  t\ 

In  using  the  apparatus,  the  first  step  is  to  boil  the  liquid  in  the 
retort,  and  when  it  is  in  active  ebullition,  it  is  put  in  communication 
with  the  worm.  The  temperature  of  the  calorimeter  has  previously 
been  lowered  a  certain  number  of  degrees  below  that  of  the  surround- 
ing air,  and  the  experiment  ceases  when  it  has  risen  to  the  same 
number  of  degrees  above.  The  compensation  may  thus  be  considered 
as  complete,  since  the  rate  of  heating  is  neq,rly  uniform. 

If  W  be  the  equivalent  of  the  calorimeter  in  water,  t  its  initial 
temperature,  d  its  final  temperature ;  then  the  quantity  of  heat  gained 
by  it  is  W  (B—f),  This  heat  comes  partly  from  the  latent  heat  dis- 
engaged at  the  moment  of  condensation  of  the  vapour,  partly  from 
the  loss  of  temperature  of  the  condensed  water,  which  sinks  from  T, 
the  boiling-point  of  the  liquid,  to  the  temperature  of  the  calorimeter. 
K,  then,  x  denote  the  latent  heat  of  evaporation,  w  the  weight  of  the 
liquid  collected  in  the  box  R,  and  c  its  specific  heat,  we  have  the 
equation 

W  {e-t)=vfx-\-we  (T'$). 

This  experiment  is  exposed  to  some  serious  causes  of  error.  The 
calorimeter  may  be  heated  by  radiation  from  the  screen  F  which 
protects  it  from  the  direct  radiation  of  the  furnace.  Heat  may  also 
be  propagated  by  means  of  the  neck  of  the  retort.  Again,  the  vapour 
is  not  dry  when  it  passes  into  the  worm,  but  carries  with  it  small 
drops  of  liquid.  Finally,  some  of  the  vapour  may  be  condensed  at 
the  top  of  the  retort,  and  so  pass  into  the  worm  in  a  liquid  state. 
This  last  objection  is  partly  removed  by  sloping  the  neck  of  the 
retort  upwards  from  the  fire,  but  it  sometimes  happens  that  this 
precaution  is  not  sufiicient. 

850.  Ee§fnault*B  Experiments. — The  labours  of  Regnault  in  con- 
nection with  the  subject  of  latent  heat  are  of  the  greatest  importance, 
and  have  resulted  in  the  elaboration  of  a  method  in  which  all  these 
sources  of  eiTor  are  entirely  removed.  The  results  obtained  by  him 
are  the  following: — 

The  quantity  of  heat  required  to  convert  a  kilogramme  of  water 
at  lOO*'  into  vapour,  without  change  of  temperature,  is  537  kilogramme- 
degrees  or  calories. 

If  the  water  were  originally  at  zero,  the  total  amount  of  heat 
required  to  convert  it  into  vapour  at  100°  would  be  637  calories — 
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100  to  raise  it  to  100°,  and  537  more  to  convert  it  into  vapour.  It 
is  this  total  amount  which  is  most  important  to  know  in  the  applica- 
tions of  heat  in  the  arts. 

In  genei-al,  if  Q  denote  the  total  quantity  of  heat^  required  to 
transform  water  at  zero  into  vapour  at  the  temperature  T,  the  value 
of  Q  may  be  deduced  with  great  exactness  from  the  following  equa- 
tion : —         ' 


Q  =  606-5  + -805  T. 


(«) 


From  what  we  have  said  above,  it  will  be  seen  that  if  \  denote  the 
latent  heat  of  evaporation  at  temperature  T,  we  must  have 

Q=x+T, 
whence,  by  substituting  for  Q  in  (a),  we  have 


X=606-5--695T. 


W 


From  (a)  we  can  find  the  total  heat  for  any  given  temperature,  and 
from  (6)  the  latent  heat  of  evaporation  at  any  given  temperature. 
The  results  for  every  tenth  degree  between  0°  and  230°  are  given  in 
the  following  table : — 


Temi^erHtnrea 

Latent 

Total 

Temperatures 

Latent 

Total 

Ceutignula. 

Heat. 

Heat.    1 

1 

Centigrade. 

Heat. 

Heat 

0°  .     .     . 

606 

606 

120°.      .      . 

522 

642 

10     . 

600 

610 

130.     . 

515 

645 

20    .     . 

593 

613 

140. 

508 

648 

30    .     . 

586 

616 

150. 

501 

651 

40    .     . 

579 

619 

160. 

494 

654 

50    .     . 

572 

622 

170. 

486 

656 

60    . 

565 

625 

180. 

479 

659 

70    .     . 

558 

628 

190. 

472 

662 

80    .     . 

551 

631 

200. 

464 

664 

90    .     . 

544 

634 

210. 

467 

667 

100    .     . 

537 

637 

220. 

449 

'669 

110    .     . 

529 

639 

230. 

442 

672 

To  reduce  latent  heat  and  total  heat  from  the  Centigrade  to  the 
Fahrenheit  scale,  we  must  multiply  by  ^.     Thus  the  latent  and  total 

heat  of  steam  at  212°  F.  are  966-6  and  1146-6.  We  Subjoin  a  table, 
taken  from  the  researches  of  Favre  and  Silbermann,  giving  the  latent 
heat  of  evaporation  of  a  number  of  liquids  at  the  temperature  of  their 
boiling-point,  referred  to  the  Centigrade  scale : — 


^  Called  by  Regnault  the  total  heat  of  saturated  vapour  at  T°,  or  the  total  heat  of  vapor- 
ization at  'P*. 
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tnai 

Wood-Bpirit,     .     .     . 

66-5 

261 

A«tie»ad,      .     .     . 

lao- 

102     , 

AbMlute  ftloohol, 

78 

208 

Butyric  «™l,     .      .     , 

115 

Vkleric  slcuhol. 

78 

121 

V«krio«id,      .     .     . 

176 

lot 

Etbylic  alcxihol, 

38 

SI 

Acetic  ether,    .     .     . 

74 

100 

88 

68 

OU  of  turpentine,  .     . 

158 

;    113'S 

113-5 

Euence  of  dtroB, 

165 

Formic  «ciJ,     .     .     . 

169 

SSI.  Heat  Disengaged  is  Chemical  Combinations. — A  veT^  coc 
venient  apparatus  has  been  invented  by  Favre  and  SilbermanD  k 


measuring  the  beat  given  off  in  chemical  reactions.'  It  is  a  kiud  of 
large  mercurial  tbermometer  (Fig.  307),  the  reservoir  B  of  wliicli  i* 
made  of  iron,  and  contains  one  or  more  cylindrical  openings  siuiilir 
to  that  shown  at  m.  Into  these  are  fitted  tubes  of  glass  or  platinum, 
in  which  the  chemical  reaction  takes  place.  One  of  the  subsUnrfs 
is  introduced  first,  and  the  other,  which  is  liquid,  is  then  added  by 
means  of  a  pipette  bent  at  B,  and  containing  the  liquid  in  a  globe, 
as  shown  in  the  figure.  This  is  effected  by  raising  the  pi|)ette  iaU) 
the  position  indicated  by  the  dotted  lines  in  the  figure. 

In  the  upper  part  of  the  reservoir  is  an  opening  fitted  with  a  tul>e 


■e  called  rttKtioni,  and  ft  Bubstaiice  nhich  act*  chemioU;  Is  oU^'l 
are  ftwkward,  but  are  in  general  use. 
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coDtaining  a  steel  plunger  P,  which  descends  into  the  mass  of  mer- 
cury, and  can  be  screwed  down  or  up  by  turning  the  handle  M.  To 
prepare. the  apparatus  for  uae,  the  plunger  is  so  adjusted  that  the 
mercury  stands  at  the  zero-point  of  the  graduated  tube  ((',  the  reac- 
tion is  then  allowed  to  take  place,  and  the  movement  of  the  mer- 
curial column  is  observed  with  the  telescope  L.  In  order  to  measure 
tlie  quantity  of  heat  corresponding  to  this  displacement,  a  known 
weight  of  hot  water  is  introduced  into  the  reservoir,  and  allowed  to 
give  up  its  heat  to  the  mercury;  the  displacement  of  the  mercurial 
column  ia  then  observed,  and  since  the  quantity  of  heat  correspond- 
ing to  this  displacement  is  known,  that  corresponding  to  any  other 
displacement  can  easily  be  calculated.  The  iron  reservoir  is  inclosed 
in  a  box  filled  with  wadding  or  some  other  non-conducting  material.' 

When  the  chemical  reaction  takes  the 
furra  of  combustion,  a  different  arrange- 
ment is  necessary.  An  apparatus  of  great 
perfection  has  been  devised  by  Favre  and 
Silbermann  for  this  purpose,  but  it  is  of 
too  complex  a  construction  to  be  de- 
scribed here.  A  sufficiently  accurate  idea 
of  the  general  method  adopted  in  these 
cases  will  be  obtained  by  a  study  of  the 
much  simpler  apparatus  employed  for 
tiie  same  purpose  by  Dulong. 

It  consists  of  a  combustion- chamber  C 
surrounded  by  the  water  contained  in  a 
calorimeter  D,in  which  moves  an  agitator 
whose  stem  is  shown  at  A.  The  com- 
bnstible  substance,  if  it  be  a  gas,  is  con- 
ducted into  the  chamber  through  the 
tube  h,  and  the  oxygen   necessary  for 

its  combustion  enters  by  one  of  the  tubes  /  or  p'.  The  products 
of  combustion  pass  through  the  worm  s,  and  finally  escape,  but 

'  III  the  mode  of  eiperimentatian  twlapted  by  Dr.  Andrewa,  the  combinatioa  takee  pl^ce 
in  a  thin  copper  vessel  iacloBed  in  a  calorimeter  of  water  to  vrhich  it  fpves  up  its  beat;  and 
Ibe  rise  of  temperatore  in  the  water  is  obBerred  with  a  ver;  delicate  thermometer,  the 
water  being  agitated  either  by  stiirisg  with  a  gLaaa  rod  or  by  makjag  the  whole  appaiatua 
revolve  about  a  horizontal  axis. 

In  experimenting  on  the  heat  of  corabuBtion,  the  oijgen  and  the  substance  to  be  burned 
are  intn>daeed  into  the  thin  copper  vessel,  which  is  inclosed  in  the  calorimeter  as  above, 
and  ignition  or  eiploaion  is  produced  by  means  of  electricity. 
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not  until  they  liave  fallen  to  the  temperature  of  the  water  in  the 
calorimeter.  This  condition  is  necessary  to  the  exactness  of  tlie 
result,  and  its  precise  fulfilment  is  verified  by  observing  the  tem- 
peratures indicated  by  the  thermometers  t  and  t\  the  former  of  which 
gives  the  temperature  of  the  water,  and  the  latter  that  of  the  pro- 
ducts of  combustion  at  their  exit.  These  two  temperatures  should 
always  agree.  The  progress  of  the  combustion  is  observed  through 
the  opening  jp,  which  is  closed  by  a  piece  of  glass.  Some  of  the 
results  obtained  by  this  method  are  given  in  the  following  table,  the 
.  combustion  being  supposed  to  take  place  in  oxygen,  with  the  excep- 
tion of  the  second  example  on  the  list. 

Heats  of  Combustion.^ 
(Referred  to  the  Centigrade  Scale.) 


Hydrogen, 84,462 

Hydrogen  with  chlorine,     .  23,788 

Carbonic  oxide,    ....  3,408 

Marsh-gas, 13,068 

Charcoal, 8,080 

Graphite, 7,797 

Diamond, 7,770 

Native  sulphur,    ....  2,261 


Soft  sulphur, 2,258 

Sulphide  of  carbon,     .     .     .  3,400 

defiant  gas, 11,857 

Ether, 9,028 

Alcohol, 7,184 

Stearic  add, 9,616 

Oil  of  turpentine,   ....  10,852 

Olive-oil, 9,862 


Of  all  substances  hydrogen  possesses  by  far  the  greatest  heat  of 
combustion.  This  fact  accounts  for  the  intense  heating  effects  which 
can  be  obtained  with  the  oxy-hydrogen  blowpipe,  in  which  an  annular 
j  et  of  hydrogen  is  completely  burn  ed  by  means  of  a  central  jet  of  oxygen. 
It  is  to  be  observed  that  the  heat  of  combination  observed  by  the 
above  methods  includes  the  heating  or  cooling  effect  of  the  changes 
of  volume  which  usually  accompany  chemical  combination. 

^  These  numbers  denote  the  number  of  times  its  own  weight  of  water  which  would  l« 
raised  one  degree  Centigrade  by  the  heat  evolved  in  the  combustion  of  the  subetanoe.  For 
example,  the  combustion  of  a  pound  of  charcoal  gives  out  enough  heat  to  raise  8080  pounds 
of  water  one  degree. 
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354.  Connection  between  Heat  and  Work. — That  heat  can  be  made 
to  produce  work  ia  evident  when  we  consider  that  the  work 

Jone  by  steam-engines  and  other  heat-engines  is  due  to  this 
source. 

Conversely,  by  means  of  work  we  can  produce  heat.  Fig. 
310  represents  an  apparatus  sometimes  called  the  pneumatic 
tinder-box,  consisting  of  a  piston  working  tightly  in  a  glass 
barrel.  If  a  piece  of  gun-cotton  be  fixed  in  the  cavity  of 
the  piston,  and  the  air  be  then  suddenly  compre-ssed,  so  much 
beat  will  be  developed  as  to  inflame  the  gun-cotton. 

A  singular  explanation  of  this  effect  was  at  one  time  put 
forward.  It  was  maintained  that  beat  or  caloric  was  a  kind 
of  imponderable  fluid,  which,  when  introduced  into  a  body, 
produced  at  once  an  increase  of  volume  and  an  elevation 
of  temperature.  If,  then,  the  body  was  compressed,  the 
calorie  which  bad  served  to  dilate  it  was,  so  to  speak, 
squeezed  out,'^  and  hence  the  development  of  heat  An 
immediate  consequence  of  this  theory  is  that  heat  cannot  be 
increased  or  diminished  in  quantity,  but  that  any  addition 
to  the  quantity  of  heat  in  one  part  of  a  system  must  be 
compensated  by  a  corresponding  loss  in  another  part.  But 
we  know  that  there  are  cases  in  which  heat  ia  produced  by 
two  bodies  in  contact,  without  our  being  able  to  observe  any 
traces  of  this  compensating  process.  An  instance  of  this  is 
the  production  of  heat  by  friction. 

355.  Heat  produced  by  Friction. — Friction  isawell-known      p    ^^^ 

Fiwumitic 
'  Id  other  words,  tlie  thennol  capadt;  of  the  bod;  wu  Buppoeed  to  be 
iliminLihed,  so  that  tbe  amount  of  heat  contaJQed  in  it,  without  uadergoing  any  incrcBw. 
was  able  to  nuAC  it  to  n  bigber  temperature. 
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source  of  heat.  Sav^es  are  said  to  obtaia  fire  by  rubbing  two  pieces 
of  dry  wood  together.  The  friction  between  the  wheel  and  axle  in 
rail  way -carriages  frequently  produces  the  some  effect,  when  they 
have  been  insufficiently  greased;  and  the  stoppage  of  a  train  by 
applying  a  brake  to  the  wheels  usually  produces  a  shower  of  sparks 
The  production  of  heat  by  friction  may  be  readily  exemplified  lij 
the  following  experiment,  due  to  TyndalL  A  glass  tube  contajmng 
-witer  (Fig.  3-l,l),  and  closed  by  a  cork,  can  he  rotated  rapidly  about 


Pi(.  in.— Hut  pmlnoed  bj  PrloUon. 

its  axia  While  thus  rotating,  it  is  pressed  by  two  pieces  of  wood, 
covered  with  leather.  The  water  is  gradually  warmed,  and  finally 
enters  into  ebullition,  when  the  cork  is  driven  out,  followed  by  a  jet 
of  steam.  Friction,  then,  may  produce  an  intense  heating  of  tbe 
bodies  rubbed  together,  without  any  corresponding  loss  of  heat  else 
where. 

At  the  close  of  last  century,  Count  Rumford  (an  American  in  the 
service  of  the  Bavarian  government)  called  attention  to  the  enormous 
amount  of  heat  generated  in  the  boring  of  cannon,  and  found,  in  a 
special  experiment,  that  a  cylinder  of  gun-metal  was  raised  from  tbe 
temperature  of  60°  F.  to  that  of  1 30°  F.  by  the  friction  of  a  blunt  steel 
borer,  during  the  abrasion  of  a  weight  of  metal  equal  to  about  ^  of 
the  whole  mass  of  the  cylinder.  In  another  experiment,  he  sur- 
rounded the  gun  by  water  (which  was  prevented  from  entering  the 
bore),  and,  by  continuing  the  operation  of  boring  for  2J  hours,  he 
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iliade  this  water  boil.  In  reasoning  from  these  experiments,  he 
strenuously  maintained  that  heat  cannot  be  a  material  substance,  but 
must  consist  in  motion. 

The  advocates  of  the  caloric  theory  endeavoured  to  account  for 
these  effects  by  asserting  that  caloric,  which  was  latent  in  the  metal 
when  united  in  one  solid  mass,  had  been  forced  out  and  rendered 
sensible  by  the  process  of  disintegration  under  heavy  pressure.  This 
supposition  was  entirely  gratuitous,  no  difference  having  ever  been 
detected  between  the  properties  of  entire  and  of  comminuted  metal 
as  regai-ds  thermal  capacity ;  and,  to  account  for  the  observed  effect,  . 
the  latent  heat  thus  supposed  to  be  rendered  sensible  in  the  abrasion 
of  a  given  weight  of  metal,  must  be  sufficient  to  raise  950  X  70,  that  is 
66,500  times  its  own  weight  of  metal  through  V. 

Yet,  strange  to  say,  the  caloric  theory  survived  this  exposure  of 
its  weakness,  and  the,  if  possible,  still  more  conclusive  experiment 
of  Sir  Humphrey  Davy,  who  showed  that  two  pieces  of  ice,  when 
rubbed  together,  were  converted  into  water,  a  change  which  involves 
not  the  evolution  but  the  absorption  of  latent  heat,  and  which  cannot 
be  explained  by  diminution  of  thennal  capacity,  since  the  specific 
heat  of  water  is  much  greater  than  that  of  ice. 

Davy,  like  Rumford,  maintained  that  heat  consisted  in  motion, 
and  the  same  view  was  maintained  by  Dr.  Thoa  Young;  but  the 
doctrine  of  caloric  nevertheless  continued  to  be  generally  adopted 
until  about  the  year  1840,  since  which  time,  the  experiments  of  Joule, 
the  eloquent  advocacy  of  Meyer,  and  the  mathematical  deductions  of 
Thomson,  Rankine,  and  Clausius,  have  completely  established  the 
mechanical  theory  of  heat,  and  built  up  an  accurate  science  of  thermo- 
dynamics. 

356.  Foucault's  Experiment. — The  relations  existing  between  elec- 
trical and  thei'mal  phenomena  bad  considerable  influence  in  leading 
to  correct  views  regarding  the  nature  of  heat.  An  experiment 
devised  by  Foucault  illustrates  these  relations,  and  at  the  same 
time  furnishes  a  fresh  example  of  the  production  of  heat  by  the 
performance  of  mechanical  work 

The  apparatus  consists  (Fig.  312)  of  a  copper  disc  which  can  be 
made  to  rotate  with  great  rapidity  by  means  of  a  system  of  toothed 
wheels.  The  motion  is  so  free  that  a  very  slight  force  is  sufficient  to 
maintain  it.  The  disc  rotates  between  two  pieces  of  iron,  constituting 
the  armatures  of  one  of  those  temporary  magnets  which  are  obtained 
by  the  passage  of  an  electric  current  (called  electro-magnets).     If, 
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while  the  disc  is  turning,  the  eunent  in  made  to  pass,  the  armaturea 
become  strongly  magnetized,  and  a  peculiar  action  takes  place  between 
them  and  the  disc,  c()n9iating  in  the  formation  of  induced  currents  in 
the  latter,  accompanied  by  a  resistance  to  motion.     As  lung  as  tlie 


magnetization  ia  continued,  a  considerable  effort  is  necessary  to 
maintain  the  rotation  of  the  disc ;  and  if  the  rotation  be  continued 
for  two  or  three  minutes,  the  disc  will  be  found  to  have  risen  some 
50°  or  60°  C.  in  temperature,  the  heat  thus  acquired  by  tlie  disc  beinof 
the  equivalent  of  the  work  done  in  maintaining  the  motion.  It  is 
to  be  understood  that,  in  this  experiment,  the  rotating  disc  does  not 
touch  the  armatures;  the  resistance  which  it  eicperiences  is  due  en- 
tirely to  invisible  agencies. 

The  experiment  may  be  varied  by  setting  the  disc  in  very  rapid 
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rotatioD,  while  no  current  is  pa.'ising,  then  leaving  it  to  itaelf,  and 
immediately  afterwards  causing  the  current  to  pass.  The  result  will 
he,  that  the  disc  will  be  brought  to  rest  almost  instantaneously,  and 
will  undergo  a  very  slight  elevation  of  tempei'atiire,  the  beat  gained 
being  the  equivalent  of  the  motion  which  ia  destroyed. 

367.  Mechanical  Equivalent  of  Heat. — The  most  precise  determina- 
tion yet  made  of  the  numerical  relation  subsisting  between  heat  and 
mechanical  work  was  obtained  by  the  following  experiment  of  Joula 
He  constructed  an  agitator  which  is  somewhat  imperfectly  repre- 
sented in  Fig.  313,  consisting  of  a  vertical  shaft  carrying  several  sets 
(if  paddles  revolving  between  stationary  vanes,  these  latter  serving 


Fig.  813.— DetarmiDstlon  of  the  Uschuiisl  BvilTiii 


to  prevent  the  liquid  in  the  vessel  from  being  bodily  whirled  in  the 
direction  of  rotation.  The  vessel  was  filled  with  water,  and  the 
agitator  was  made  to  revolve  by  means  of  a  cord,  wound  round  the 
upper  part  of  the  shaft,  carried  over  a  pulley,  and  attached  to  a 
weight,  which  by  its  descent  drove  the  agitator,  and  furnished  a 
measnre  of  the  work  done.  The  pulley  was  mounted  on  friction- 
wheels,  and  the  weight  could  be  wound  up  without  moving  the 
paddles.  When  all  corrections  had  been  applied,  it  was  found  that 
the  heat  communicated  to  the  water  by  the  dotation  amounted  to 
one  pound-degree  Fahrenheit  for  every  772  foot-pounds  of  work 
spent  in  producing  it  This  result  was  verified  by  various  other 
forms  of  experiment,  and  may  be  assumed  to  be  correct  within  about 
one  foot-pound.     The  experiments  were  made  at  Manchester,  where 
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(/  is  32  194,  and  it  is  to  be  borne  in  mind  that  a  foot-pound  does  not 
denote  precisely  the  same  amount  of  work  at  all  places  on  the  earth's 
surface,  but  varies  in  direct  proportion  to  the  intensity  of  gravity. 
The  difference  in  its  value  in  passing  from  one  place  to  another  on 
the  earth  is,  however,  not  greater  than  the  probable  error  of  the 
number  772.  We  may  therefore,  with  about  as  much  accuracy  as  is 
warranted  by  the  present  state  of  our  knowledge,  assert  that  the 
energy  comprised  in  one  pound-degree  Fahrenheit  is  about  772  terres- 
trial foot-pounds.* 

The  mechanical  equivalent  of  the  pound-degree  Centigrade  is  -^  of 

this,  or  about  1 390  foot-pounds. 

The  number  772  or  1390,  according  to  the  scale  of  temperature 

adopted,  is  commonly  called  Joule's  equivalent,  and  is  denoted  in 

formulas  by  the  letter  J.     If  we  take  the  kilogramme-degree  Centi- 

ijrade  for  unit  of  heat,  and  the  kilofframmetre  for  unit  of  work,  the 

(       value  of  J  will  be  424 

867  a.  First  Law  of  Thermo-dynamics. — Whenever  work  is  per- 
formed by  the  agency  of  heat,  an  amount  of  heat  disappears  equi- 
valent to  the  work  performed ;  and  whenever  mechanical  work  is 
spent  in  generating  heat,  the  heat  generated  is  equivalent  to  the 
work  thus  spent;  that  is  to  say,  we  hav§  in  both  cases 

W  =  JH; 

W  denoting  the  work,  H  the  heat,  and  J  Joule  s  equivalent.  This 
is  called  t\i^  first  law  of  thermo-dyTiartiies,  and  it  is  a  particular  case 
of  the  great  natural  law  (§  .53  k)  which  asserts  that  energy  may  b/ 
transmuted,  but  is  never  created  or  destroyed. 

It  may  be  well  to  remark  here  that  work  is  not  energy,  but  is 
rather  the  process  by  which  energy  is  transmuted  (§  53  j),  amount  of 
work  being  measured  by  the  amount  of  energy  transmuted.  When- 
ever work  is  done,  it  leaves  an  effect  behind  it  in  the  shape  of  energy 
of  some  kind  or  other,  equal  in  amount  to  the  energy  consumed  in 
performing  the  work,  or,  in  other  words,  equal  to  the  work  itself. 

As  regards  the  nature  of  heat,  there  can  be  little  doubt  that  heat 
properly  so  called,  that  is  sensible  as  distinguished  from  latent  heat^ 
consists  in  some  kind  of  motion,  and  that  quantity  of  heat  is  quan- 

^  In  absolute  units  of  work,  of  which  a  foot-pound  contains  g^  the  equiTalent  of  a  pound- 
degree  Fahrenheit  is  772  x  32'1 94  =  24854,  which  is  within  less  than  1  per  cent,  of  25,000. 
-  Hence  the  heat- equivalent  of  the  kinetic  energy  of  a  mass  of  m  pounds  moving  with  a  velo- 
city of  V  feet  \teT  second  is  approximately  ^  mv^  ~-  25000,  or  2  mv^  -i-  100000. 
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tity  of  energy  of  motion,  or  kinetic  energy  (§  53 1),  whereas  latent 
iieat  consists  in  energy  of  position  or  potential  energy  (§  53  J). 

We  have  already  had,  in  the  experiments  of  Rumford,  Davy, 
Foucault,  and  Joule,  some  examples  of  transmutation  of  energy;  but 
it  will  be  instructive  to  consider  some  additional  instances. 

When  a  steam-engine  is  employed  in  hauling  up  coals  from  a  pit, 
an  amount  of  heat  is  destroyed  in  the  engine  equivalent  to  the  energy 
of  position  which  is  gained  by  the  coal. 

In  the  propulsion  of  a  steara-boat  with  uniform  velocity,  or  in  the 
drawing  of  a  railway  train  with  unifoim  velocity  on  a  levels  there  is 
no  gain  of  potential  energy,  neither  is  there,  as  far  as  the  vessel  or 
train  is  concerned,  any  gain  of  kinetic  energy.  In  the  case  of  the 
steamer,  the  immediate  effect  consists  chiefly  in  the  agitation  of  the 
water,  which  involves  the  generation  of  kinetic  energy;  and  the 
ultimate  effect  of  this  is  a  warming  of  the  water,  as  in  Joule's  experi- 
ment In  the  case  of  the  train,  the  work  done  in  maintaining  the 
motion  is  spent  in  friction  and  concussions,  both  of  which  operations 
give  heat  as  the  ultimate  effect.  Here,  then,  we  have  two  instances 
in  which  heat,  after  going  through  various  transformations,  reappears 
as  heat  at  a  lower  temperature. 

In  starting  a  train  on  a  level,  the  heat  destroyed  in  the  engine 
finds  its  equivalent  mainly  in  the  energy  of  motion  gained  by  the 
train ;  and  this  energy  can  again  be  transformed  into  heat  by  turning 
off  the  steam  and  applying  brakes  to  the  wheels. 

When  a  cannon-ball  is  fired  against  an  armour  plate,  it  is  heated 
fed-hot  if  it  fails  to  penetrate  the  plate,  the  energy  of  the  moving 
ball  being  in  this  case  obviously  converted  into  heat.  If  the  plate 
is  penetrated,  and  the  ball  lodges  in  the  wooden  backing,  or  in  a 
bank  of  earth,  the  ball  will  not  be  so  much  heated,  although  the  total 
amount  of  heat  generated  must  still  be  equivalent  to  the  energy  of 
motion  destroyed.  The  ruptured  materials,  in  fact;  receive  a  large 
portion  of  the  heat.  The  heat  produced  in  the  rupture  of  iron  is  well 
illustrated  by  punching  and  planing  machines,  the  pieces  of  iron 
punched  out  of  a  plate,  or  the  shavings  planed  off  it,  being  so  hot 
that  they  can  scarcely  be  touched,  although  the  movements  of  the 
punch  and  plane  are  exceedingly  slow.  The  heat  gained  by  the  iron 
is,  in  fact,  the  equivalent  of  the  work  performed,  and  this  work  is 
considerable  on  account  of  the  great  force  required. 

357b.  Heat  Lost  in  Expansion. — The  difference  between  the  specific 
heat  of  a  gas  at  constant  pressure  and  at  constant  volume,  is  almost 


452  THERMO-DYNAMICS. 

exactly  the  equivalent  of  the  work  which  the  gas  at  constant  pres- 
sure performs  in  pushing  back  the  surrounding  atmosphere.  Joule 
immei'sed  two  equal  vessels  in  water,  one  of  them  containing  highly- 
compressed  air,  and  the  other  being  exhausted ;  and  when  they  were 
both  at  the  temperature  of  the  water  he  opened  a  stop-cock  which 
placed  the  v^sels  in  communication.  The  compressed  air  thus 
expanded  to  double  its  volume,  but  the  temperature  of  the  surrouDd- 
ing  water  was  unaltered,  the  heat  converted  into  energy  of  motion 
by  the  expansion  being,  in  fact,  compensated  by  the  heat  generated 
in  the  destruction  of  this  motion  in  the  previously  vacuous  vessel. 
This  experiment  shows  that,  when  air  expands  without  having  to 
overcome  external  resistances,  its  temperature  is  not  sensibly  changed 
by  the  expansion. 

Suppose  we  have  a  cylinder  whose  internal  section  is  a  square 
decimetre,  and  that  a  piston  travelling  in  this  cylinder  is  pushed 
outwards  by  the  expansion  of  air  in  the  cylinder.  Let  the  air  be 
initially  at  0°  C,  and  occupy  1  decimetre  in  length  of  the  cylinder, 
so  that  its  volume  at  this  temperature  is  a  cubic  decimetre,  and  let 
this  air  be  expanded  at  the  constant  pressure  of  760  mm.  by  the 
addition  of  heat,  until  it  occupies  double  its  initial  volunae,  and  has 
therefore  pushed  the  piston  a  distance  of  1  decimetre.     Since  air 

expands  by  ^  of  its  volume  at  0°  for  each  degree,  the  final  tempera- 
ture will,  in  this  case,  be  273°  C,  and  since  the  specific  heat  of  air  at 
constant  pressure  is  237,  and  the  weight  of  the  air  is  1293  gramme, 
the  heat  taken  up  by  the  air  is 

'  273  X  -237  X  1-293  =  83*66  gramme-degreea. 

Now  the  pressure  of  760  mm.  is  equivalent  to  1  033  kilogrammes  per 
square  centimetre;  hence  the  total  pressure  resisting  the  advance  of 
the  piston  is  103*3  kilogrammes,  which  is  overcome  through  a  dis- 
tance of  1  decimetre,  so  that  the  work  done  against  atmospheric 
resistance  is  1033  kilogrammetres. 

Joule's  equivalent  for  a  kilogramme- degree  is  4>24j  kilogrammetres. 
The  heat-equivalent  of  the  work  done  in  the  present  case  is  there- 

fore   ^24"  =  02436  kilogramme-degree  =  24*36  gramme-degreea 

Hence,  of  the  whole  heat  83-60  received  by  the  air  in  the  cylinder, 
24*36  has  been  spent  in  doing  external  work,  leaving  59  3  as  the 
amount  which  would  have  sufficed  to  raise  the  air  to  the  same  tem- 
perature if  no  external  work  had  been  performed.     Now  the  ratio 
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of  8366  to  59'3  is  1'41,  which,  as  we  have  already  seen  (§  347),  is 
the  ratio  of  specific  heat  at  constant  pressure  to  specific  heat  at  con- 
stant volume. 

In  the  case  of  air  and  perfect  gases,  the  heat  gained  by  compres- 
sion or  lost  in'  expansion  is  almost  the  exact  equivalent  of  the 
external  work  performed. 

In  view  of  these  facts,  the  specific  heat  of  a  gas  at  constant  volume 
is  often  called  the  ti'ue  specific  heat  of  the  gas.  The  heat  required 
to  produce  a  given  change  of  temperature  in  a  gas,  when  its  volume 
changes  in  any  specified  way,  may  be  computed  to  a  very  close 
approximation  by  calculating  the  work  done  by  the  gas  against 
external  resistances  during  its  change  of  volume,  and  adding  the 
heat-equivalent  of  this  work  to  the  heat  which  would  have  produced 
the  same  change  of  temperature  at  constant  volume.  The  true 
specific  heat  of  air  in  this  sense  is  168. 

358.  Thermic  Engines. — In  every  form  of  thermic  engine,  work  is 
obtained  by  means  of  expansion  produced  by  heat,  the  force  of  ex- 
pansion being  usually  applied  by  admitting  a  hot  elastic  fluid  to 
press  alternately  on  opposite  sides  of  a  piston  travelling  in  a  cylinder. 
Of  the  heat  received  by  the  elastic  fluid  from  the  furnace,  a  part 
leaks  out  by  conduction  through  the  sides  of  the  containing  vessels, 
another  part  is  carried  out  by  the  fluid  when  it  escapes  into  the  air 
or  into  the  condenser,  the  fluid  thus  escaping  being  always  at  a 
temperature  lower  than  that  at  which  it  entered  the  cylinder,  but 
higher  than  that  of  the  air  or  condenser  into  which  it  escapes;  but 
a  third  part  has  disappeared  altogether,  and  ceased  to  exist  as  heat, 
having  been  spent  in  the  performance  of  work.  This  third  part  is 
the  exact  equivalent  of  the  work  performed  by  the  elastic  fluid  in 
driving  the  piston,^  and  may  therefore  be  called  the  heat  utilized,  or 
the  heat  converted,   ' 

The  ejficiency  of  an  engine  may  be  measured  by  the  ratio  of  the 
Jieat  thus  converted  to  the  whole  amount  of  heat  which  enters  the 
engine;  and  we  shall  use  the  word  efficiency  in  this  sense. 

358a.  Camot's  Investigations. — The  first  approach  to  an  exact 
science  of  thermo-dynamics  was  made  by  Carnot  in  1824.  By  rea- 
soning based  on  the  theory  which  regards  heat  as  a  substance,  but 
which  can  be  modified  so  as  to  remain  conclusive  when  heat  is 


^  If  negative  work  is  done  by  the  flaid  in  any  part  of  the  stroke  (that  is,  if  the  piston 
presses  back  the  fluid),  the  algebraic  sum  of  work  is  to  be  taken. 
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regarded  as  a  form  of  energy,  he  established  the  following  prin- 
ciples:— 

I.  The  thei^mal  agency  by  which  rriechanicaZ  effect  may  be  obtained 
ia  the  transference  of  heat  from  one  body  to  a/nother  at  a  lower  ten- 
perature.  These  two  bodies  he  calls  the  source  and  the  refrigeraior. 
Adopting  the  view  generally  received  at  that  time  regarding  the 
nature  of  heat,  he  supposed  that  all  the  heat  received  by  an  engine 
was  given  out  by  it  again  as  heat;  stf  that,  if  all  lateral  escape  was 
prevented,  all  the  heat  drawn  by  the  engine  from  the  source  was 
given  by  the  engine  to  the  refi-igerator,  just  as  the  water  which  by 
its  descent  turns  a  mill-wheel,  runs  off  in  undiminished  quantity  at 
a  lower  level.  We  now  know  that,  when  heat  is  let  down  through 
an  engine  from  a  higher  to  a  lower  temperature,  it  is  diminished  in 
amount  by  the  equivalent  of  the  work  done  by  the  engine  against, 
external  resistances. 

He  further  shows  that  the  amount  of  work  which  can  be  obtained 
by  letting  down  a  given  quantity  of  heat — or,  as  we  should  say  with 
our  present  knowledge,  by  partly  letting  it  down  and  partly  con- 
suming it  in  work,  is  increased  by  raising  the  temperature  of  the 
source,  or  by  lowering  the  temperature  of  the  refrigerator;  and  estal>- 
lishes  the  following  important  principle : — 

II.  A  perfect  thermo-dynamic  engine  is  sv>ch  that,  whatever  amount 
of  meclianical  effect  it  can  derive  from  a  certain  thei^Tnal  agency; 
if  an  equal  amount  be  spent  in  working  it  backwards,  an  eqml 
reverse  thermal  effect  will  be  produced.  This  is  often  expressed  by 
saying  that  a  completely  reversible  engine  is  a  perfect  engine. 

By  a  perfect  engine  is  here  meant  an  engine  which  possesses  the 
maximum  of  efficiency  compatible  with  the  given  temperatures  of  its 
source  and  refrigerator;  and  Carnot  here  asserts  that  all  completely 
reversible  engines  attain  this  maximum  of  efficiency.  The  proof  of 
this  important  principle,  when  adapted  to  the  present  state  of  our 
knowledge,,  is  as  follows : — 

Let  there  be  two  thermo-dynamic  engines,  A  and  B,  working 
between  the  same  source  and  refrigerator ;  and  let  A  be  completely 
reversible.  Let  the  efficiency  of  A  be  m,  so  that,  of  the  quantity  Q 
of  heat  which  it  draws  from  the  source,  it  converts  7?iQ  into  mechan- 
ical effect,  and  gives  Q— mQ  to  the  refrigerator,  when  worked  for- 
wards. Accordingly,  when  worked  backwards,  with  the  help  of 
work  731 Q  applied  to  it  from  without,  it  takes  Q— mQ  from  the 
refrigerator,  and  gives  Q  to  the  source. 
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In  like  manner,  let  the  efficiency  of  B  be  w,',  so  that,  of  heat  Q' 
which  it  draws  from  the  source,  it  converts  w'Q'  into  mechanical 
effect,  and  gives  Q'— m'Q  to  the  refrigerator. 

Let  this  engine  be  worked  forwards,  and  A  backwards.  Then, 
upon  the  whole,  heat  to  the  amount  Q'— Q  is  drawn  from  the  source, 
heat  m'Q'— mQ  is  converted  into  mechanical  effect,  and  heat 
Q-Q— (w^'Q— mQ)  is  given  to  the  refrigerator. 

If  we  make  m'Q'=m  Q,  that  is,  if  we  suppose  the  external  effect 

to  be  nothing,  heat  to  the  amount  Q'— Q  or  (^/-i)  Q  is  carried  from 

the  source  to  the  refrigerator,  if  m  be  greater  than  m',  that  is,  if  the 
reversible  engine  be  the  more  efficient  of  the  two.     If  the  other 

engine  be  the  more  efficient,  heat  to  the  amount  ( l  -  ^Jj  Q  is  trans- 
ferred from  the  refrigerator  to  the  source,  or  heat  pumps  itself  up 
from  a  colder  to  a  warmer  body,  and  that  by  means  of  a  machine 
which  is  self-acting,  for  B  does  work  which  is  just  sufficient  to  drive  A. 
Such  a  result  we  are  entitled  to  assume  impossible,  therefore  B  cannot 
be  more  efficient  than  A. 

Another  proof  is  obtained  by  making  Q'=Q.  The  source  then 
neither  gains  nor  loses  heat,  and  the  refrigerator  gains  (m—m)  Q, 
which  is  derived  from  work  performed  upon  the  combined  engine 
from  without,  if  A  be  more  efficient  than  B.  If  B  were  the  more 
efficient  of  the  two,  the  refrigerator  would  lose  heat  to  the  amount 
(m'^m)  Q,  which  would  yield  its  full  equivalent  of  external  work, 
and  thus  a  machine  would  be  kept  going  and  doing  external  work 
by  means  of  heat  drawn  from  the  coldest  body  in  its  neighbourhood, 
a  result  which  cannot  be  admitted  to  be  possible. 

358  b.  Second  Law  of  Thenno-dynamics. — It  follows,  from  the  prin- 
ciple thus  established,  that  all  reversible  engines  with  the  same  tem- 
peratures of  source  and  refrigerator  have  the  same  efficiency,  whether 
the  working  substance  employed  in  them  be  steam,  air,  or  any  other 
material,  gaseous,  liquid,  or  solid.  Hence  we  can  lay  down  the  fol- 
lowing law,  which  is  called  the  second  law  of  thermo- dynamics :  the 
efficiency  of  a  completelyreversibleengineisindependentofthe  nature 
of  the  working  substance,  and  depends  only  on  the  temperatures  at 
which  the  engine  takes  in  and  gives  out  heat;  and  the  efjiciency  of 
such  an  engine  is  the  limit  of  possible  effi,ciency  for  any  engine. 
As  appendices  to  this  law  it  has  been  further  established : 
1.  That  when  one  of  the  two  temperatures  is  fixed,  the  efficiency 
is  simply  proportional  to  the  difference  between  the  two,  provided 
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this  difference  is  very  small.     This  holds  good  for  all  scales  of  tem- 
perature. 

2.  From  calculations  relating  to  an  imaginary  engine  of  special 
simplicity,  in  which  a  permanent  gas  is  the  working  substance,  it 

has  been  determined  that  the  efficiency  of  a  revei*sible  engine  is 

T— ly 
approximately  -  rj,  -,  T  denoting  the  upper,  and  T  the  lower  tem- 
perature between  which  the  engine  works,  reckoned  from  absolute 
zero  (§  219  a),  on  the  air- thermometer.  This  is  more  easily  remem- 
bered when  stated  in  the  following  more  symmetrical  form.  Let  Q 
denote  the  quantity  of  heat  taken  in  at  the  absolute  temperature  T, 
Q'  the  quantity  given  out  at  the  absolute  temperature  T',  and  con- 
sequently Q— Q'  the  heat  converted  into  mechanical  effect,  then  we 
shall  have  approximately 

358c.  Absolute  Scale  of  Temperature. — In  ordinary  thermometers, 
temperatures  are  measured  by  the  apparent  expansion  of  a  liquid  iu 
a  glass  envelopa  If  two  thermometers  are  constructed,  one  witli 
mercury  and  the  other  with  alcoliol  for  its  liquid,  it  is  obviously 
possible  to  make  their  indications  agree  at  two  fixed  temperatures 
If,  however,  the  volume  of  the  tube  intervening  between  the  two 
fixed  points  thus  determined  be  divided  into  the  same  number  of 
equal  parts  in  the  two  instruments,  and  the  divisions  be  numbered 
as  degrees  of  temperature,  the  two  instruments  will  give  different 
indications  if  plunged  in  the  same  bath  at  an  intermediate  tempera- 
ture, and  they  will  also  differ  at  temperatures  lying  beyond  the  two 
fixed  points.  It  is  a  simple  matter  to  test  equality  of  temperature, 
but  it  is  far  from  simple  to  decide  upon  a  test  of  equal  differences  of 
temperature.  Different  liquids  expand  not  only  by  different  amounts 
but  by  amounts  which  are  not  proportional,  no  two  liquids  being 
in  this  respect  in  agreement 

In  the  case  of  permanent  gases  expanding  under  constant  pressure, 
the  discordances  are  much  less,  and  may,  in  ordinary  circumstances, 
be  neglected.  Hence  gases  would  seem  to  be  indicated  by  nature  a> 
the  proper  substances  by  which  to  measure  temperature,  if  difference'^ 
of  temperature  are  to  be  measured  by  differences  of  volume. 

It  is  also  possible  to  establish  a  scale  of  temperature  by  assuming 
that  some  one  substance  rises  by  equal  increments  of  temperature  on 
receiving  successive  equal  additions  of  heat ;  in  other  words,  by  makicg 
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some  one  substance  the  standard  of  reference  for  specific  heat,  and 
assuming  the  specific  heat  of  this  substance  to  be  the  same  at  all 
temperatures.  Here,  again,  the  scale  would  be  different  according  to 
the  liquid  chosen.  A  mixture  of  equal  weights  of  water  at  0°  C.  and 
100°  C.  will  not  have  precisely  the  same  temperature  as  a  mixture 
of  equal  weights  of  mercury  at  these  temperatures.  If,  however,  we 
resort  to^peimanent  gases,  we  find'  again  a  very  close  agreement,  so 
that,  if  one  gas  be  assumed  to  have  the  same  specific  heat  at  all  tem- 
peratures (whether  at  constant  volume  or  at  constant  pressure),  the 
specific  heat  of  any  other  permanent  gas  will  also  be  sensibly  in- 
dependent of  temperature.  More  than  this ; — the  measurement  of 
temperature  by  assuming  the  specific  heats  of  permanent  gases  to 
be  constant,  agrees  almost  exactly  with  the  measurement  of  tem- 
perature by  the  expansion  of  permanent  gases.  For,  as  we  have 
seen  (§  347),  a  permanent  gas  under  constant  pressure  has  its  volume 
increased  by  equal  amounts  on  receiving  successive  equal  additions 
of  heat 

The  air-thermometer,  or  gas-theimometer,  then,  has  a  greatly 
superior  claim  to  the  mercury  thermometer  to  be  considered  as  fur- 
nishing a  natural  standard  of  temperature. 

But  a  scale  which  is  not  only  sensibly  but  absolutely  independent 
of  the  peculiarities  of  particular  substances,  is  obtained  by  defining 
temperature  in  auch  a  sense  as  to  make  appendico  (2)  to  the  second 
law  of  thermO'dynamics  rigorously  exact  According  to  this  system, 
the  ratio  of  any  two  temperatures  is  the  ratio  of  the  two  quantities 
of  heat  which  would  be  drawn  from  the  source  and  supplied  to  the 
refngerator  by  a  completely  reversible  thermo-dynamic  engine  work- 
ing between  these  temperatures.  This  ratio  will  be  rigorously  the 
same,  whatever  the  working  substance  in  the  engine  may  be,  and 
whether  it  be  solid,  liquid,  or  gaseous. 

358  D.  Heat  required  for  Change  of  Volume  and  Temperature. — The 
amount  of  heat  which  must  be  imparted  to  a  body  to  enable  it  to 
pass  from  one'  condition,  as  regards  volume  and  temperature,  to 
another,  is  not  a  definite  quantity,  but  depends  upon  the  course  by 
which  the  transition  is  effected.  It  is,  in  fact,  the  sum  of  two  quan- 
tities, one  of  them  being  the  heat  which  would  he  required  if  the 
transition  were  made  without  external  work — as  in  Joule's  experi- 
ment of  the  expansion  of  compressed  air  into  a  vacuous  vessel — and 
the  other  being  the  heat  equivalent  to  the  external  work  which  the 
body  performs  in  making  the  transition.     As  regards  the  first  of 
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these  quantities,  its  amount,  in  the  case  of  permanent  gases,  depends 
almost  entirely  upon  the  difference  between  the  initial  and  final  tem- 
peratures, being  sensibly  independent  of  the  change  of  volume,  as 
Joule's  experiment  shows.  In  the  case  of  liquids  and  solids,  its 
amount  depends,  to  a  very  large  extent,  upon  the  change  of  volume, 
so  that,  if  the  expansion  which  heat  tends  to  produce  is  forcibly 
prevented,  the  quantity  of  heat  required  to  produce  a  given  rise  of 
temperature  is  gi-eatly  diminished.  This  contrast  is  sometimes  ex- 
pressed by  saying  that  expansion  by  heat  involves  a  large  amount 
of  internal  work  in  the  case  of  liquids  and  solids,  and  an  exceedingly 
small  amount  in  the  case  of  gases;  but  the  phrase  inteimal  work  has 
not  as  yet  acquired  any  very  precise  meaning. 

External  work  performed  against  uniform  hydrostatic  or  pneumatic 
pressure,  may  be  computed  by  multiplying  the  increase  of  volwnvt 
by  the  pressure  per  unit  area.  For,  if  we  suppose  the  expanding 
body  to  be  immersed  in  an  incompressible  fluid  without  weight,  con- 
fined in  a  cylinder  by  means  of  a  movable  piston  under  constant 
pressure,  the  work  done  by  the  expanding  body  will  be  spent  in 
driving  back  the  piston.  Let  A  be  the  area  of  the  piston,  x  the 
distance  it  is  pushed  back,  and  p  the  pressure  per  unit  area.  Then 
the  increment  of  volume  is  A  a;,  and  the  work  done  is  the  product  of 
the  force  p  A  by  the  distance  x,  which  is  the  same  as  the  product  of 
p  by  Ax. 

As  an  illustration  of  the  different  courses  by  which  a  transition 
may  be  effected,  suppose  a  quantity  of  gas  initially  at  0**  C.  and  a 
pressure  of  one  atmosphere,  and  finally  at  100°  C.  and  the  same 
pressure,  the  final  volume  being  therefore  1*366  times  the  initial 
volume.  Of  the  innumerable  courses  by  whicb  the  transition  may 
be  made,  we  will  specify  two: — 

1st.  The  gas  may  be  raised,  at  its  initial  volume,  to  such  a  tem- 
perature that,  when  afterwards  allowed  to  expand  against  pressure 
gradually  diminishing  to  one  atmosphere,  it  falls  to  the  temperature 
100°  C.     Or, 

2d.  It  may  be  first  allowed  to  expand,  under  preasure  diminishing 
from  one  atmosphere  downwards,  until  its  final  volume  is  attained, 
and  may  then,  at  this  constant  volume,  be  heated  up  to  100°. 

In  both  cases  it  is  to  be  understood  that  no  heat  is  allowed  to 
enter  or  escape  during  expansion. 

Obviously,  the  firet  course  implies  tjie  performance  of  a  greater 
amount  of  external  work  than  the  second,  and  it  will  require  the 
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communication  to  the  gas  of  a  greater  quantity  of  heat.-^-gi"eater  by 
the  heat-equivalent  of  the  diflference  of  works. 

When  a  body  passes  through  changes  which  end  by  leaving  it  in 
precisely  the  same  condition  in  which  it  was  at  first,  we  are  not 
entitled  to  assume  that  the  amounts  of  heat  which  have  entered  and 
quitted  it  are  equal     They  are  not  equal  unless  the  algebraic  sum  of 
external  work  done  by  the  body  during  the  changes  amounts  to  zero. 
If  the  body  has  upon  the  whole  done  positive  work,  it  must  have 
taken  in  more  heat  than  it  has  given  out,  otherwise  there  would  be 
a  creation  of  energy;  and  if  it  has  upon  the  whole  done  negative 
work,  it  must  have  given  out  more  heat  than  it  has  taken  in,  other- 
wise there  would  be  a  destruction  of  energy.     In  either  case,  the 
difference  between  the  heat  taken  in  and  given  out  must  be  the 
equivalent  of  the  algebraic  sum  of  external  work. 
These  principles  are  illustrated  in  the  two  following  sectiona 
SSSe.  Lowering  of  Freezing-point  by  Pressure. — When  a  litre  (or 
cubic  decimeti"e)  of  water  is  frozen  under  atmospheric  pressure,  it 
forms  1*087  of  a  litre  of  ice,  thus  performing  external  work  amount- 
ing to  •087x103*3=9  kilogramme-decimetres  =  9  of  a  kilogram- 
metre,  since  the  pressure  of  one  atmosphere  or  760  mm.  of  mercury 
is  103'3  kilogrammes  per  square  decimetre.     Under  a  pressure  of  n 
atmospheres,  the  work  done  would  be  9  n  kilogrammetres,  neglecting 
the  very  slight  compression  due  to  the  increase  of  pressure.     If  the 
ice  is  allowed  to  melt  in  vacuo,  no  external  work  is  done  upon  it  in 
the  melting,  and  therefore,  in  the  whole  process,  at  the  end  of  which 
the  water  is  in  the  same  state  as  at  the  beginning,  heat  to  the 

amount  of  ^  =  0021 2  7i  of  a  calorie  is  made  to  disappear.     This 

process  is  reversibte,  for  the  water  might  be  frozen  in  vacuo  and 
melted  under  pressure;  and  hence,  by  appendix  (2)  to  the  second  law 
of  thermo  dynamics,  we  have 

•00212 n     :     Q     ::    T-T     :  T; 

where  Q  denotes  the  heat  taken  in  in  melting,  which  is  79*25  calories, 
T  the  absolute  temperature  at  which  the  melting  occurs,  about  273°, 
and  T'  the  absolute  temperature  of  freezing  under  the  pressure  of  n 
atmospherea     Hence  we  have 

•00212 »     :  79-25     ::  T-T     :  273; 

whence 

T-T     =   -0078 »; 
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that  is,  the  freezing-point  is  lowered  by  0073  of  a  degree  Cent  for 
each  atmosphere  of  pressure. 

358  F.  Latent  Heat  at  Temperatures  below  the  Melting-point — We 
have  seen  (§231)  that  water  may  be  preserved  in  the  liquid  state  at 
temperatures  considerably  below  its  normal  freezing-point  When 
ice  is  formed  at  these  low  temperatures,  the  latent  heat  absorbed 
must  be  less  than  79  25,  which  is  the  latent  heat  at  0**  C.  For, 
neglecting  the  trifling  amount  of  external  work  performed,  we  can 
assert  that  the  heat  lost  from  a  mass  of  water  at  0°,  in  its  passage  U^ 
ice  at  —f,  is  independent  of  the  order  of  operations.  Now  the  specific 
heat  of  ice  is  504,  that  of  water  being  1 ;  hence  the  heat  lost  in  making 
the  transition  in  the  ordinary  way  is  79  25  +  '504!  t,  while  tliat  lost 
by  first  cooling  down,  and  then  freezing  at  —f  is  l  +  t,  I  denoting 
the  latent  heat  at  — r.  Equating  these  two  expressions,  we  have 
Z  =  79-25--49G  t 

We  have  here  assumed  that  the  specific  heat  of  ice  is  -504  at  all 
temperatures.  Person's  experiments  seem  to  show  that  within  a 
degree  or  two  of  the  melting-point  it  has  a  much  larger  value. 

If  the  specific  heats  both  of  ice  and  water  were  constant  at  all 
temperatures,  we  might  determine  the  position  of  the  absolute  zero 
of  temperature  by  putting  i=0,  which  gives  — i°=:*— 160°  nearly,  a 
result  which  difiers  widely  from  that  deduced  from  the  laws  of  gaseous 
expansion. 

Allowing  for  possible  variations  of  specific  heat  with  temperature, 

the  expressions  for  the  heat  evolved  in  passing  from  water  at  0°  t^ 

ice  at  —f  are  79'25  +  ^s'and  l  +  ts,  in  which  8  denotes  the  mean 

specific  heat  of  water  between  0°  and  —f,  and  8  the  mean  specific 

heat  of  ice  between  the  same  limits.    Equating  these  two  expressions, 

we  find 

1=7925  -  <(«-»')• 

When  freezing  once  begins  at  a  temperature  below  0^  it  proceeds 
very  rapidly,  accompanied  by  a  rise  of  temperature,  and  ceases  as 
soon  as  the  temperature  of  the  whole  mass  has  risen  to  0°.  To  com 
pute  the  proportions  of  ice  at  0°  and  water  at  0°  which  a  given  mas^ 
of  water  at  —t°  will  yield,  we  may  reason  as  follows: — Calling  the 
whole  mass  unity,  to  raise  it  from  its  initial  condition  to  0°,  and  then 
convert  a  fraction  m  of  it  into  ice  at  0°,  would  require  first  the  addition 
of  ^  heatnunits,  and  then  the  subtraction  of  79*25  m  heat-units,  that 
is  upon  the  whole  an  addition  of  ^—79  25  m.  Now  the  external  work 
being  inconsiderable,  the  amount  of  heat  required  from  without  for 
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the  conversion  of  a  mass  1  of  water  at  —t°  into  m  of  ice  at  0*"  and 
1— m  of  water  at  0°,  will  be  independent  of  the  order  of  procedure; 
and  in  the  given  case  no  heat  is  added  from  without;  we  have 

therefore 

t 


e- 79/25 m  =  0,    wi  = 


79-25 


859.  Animal  Heat  and  Work. — We  have  every  reason  to  believe 
that  animal  heat  and  motions  are  derived  from  the  energy  of  chemical 
combinations,  which  take  place  chiefly  in  the  act  of  respiration,  the 
most  important  being  the  combination  of  the  oxygen  of  the  air  with 
carbon  which  is  furnished  to  the  blood  by  the  animal's  food.  The 
first  enunciation  of  this  view  has  been  ascribed  to  Lavoisier.  Rumford 
certainly  entertained  very  clear  and  correct  ideas  on  the  subject,  for 
he  says,  in  describing  his  experiments  on  the  boring  of  cannon  :— 

**  Heat  may  thus  be  produced  merely  by  the  strength  of  a  horse, 
and,  in  a  case  of  necessity,  this  heat  might  be  used  in  cooking  vic- 
tuals. But  no  circumstances  could  be  imagined  in  which  this  method 
of  procuring  heat  would  be  advantageous ;  for  more  heat  might  be 
obtained  by  using  the  fodder  necessary  for  the  support  of  a  horse  as 
fuel" 

When  the  animal  is  at  rest,  the  heat  generated  by  chemical  com- 
bination is  equal  to  that  given  off  from  its  body ;  but  when  it  works, 
an  amount  of  heat  disappears  equivalent  to  the  mechanical  effect 
produced  This  may  at  first  sight  appear  strange,  in  view  of  the 
fact  that  a  man  becomes  warmer  when  he  works.  The  reconciliation 
of  the  apparent  contradiction  is  to  be  found  in  the  circumstance  that, 
in  doing  work,  respiration  is  quickened,  and  a  greater  quantity  of 
carbon  consumed. 

Elaborate  experiments  on  this  subject  were  conducted  by  Him. 
He  inclosed  a  man  in  a  box  containing  a  tread  mill,  the  shaft  of  which 
passed  through  the  side  of  the  box ;  and  the  arrangements  were  such 
that  the  man  could  either  drive  the  mill  against  external  resistance, 
by  continually  stepping  from  one  tread  to  the  next  above  in  the  usual 
way,  or  could  resist  the  motion  of  the  mill  when  driven  from  without, 
by  continually  descending  the  treads,  thus  doing  negative  work. 
Two  flexible  tubes  were  connected,  one  with  his  nostrils,  and  the 
other  with  his  mouth.  He  inhaled  through  the  former,  and  exhaled 
through  the  latter,  and  the  air  exhaled  was  collected  and  analyzed. 
The  heat  given  off  from  his  body  to  the  box  was  also  measured  with 
some  degree  of  approximation.     The  carbon  exhaled,  and  heat  gene- 
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rated,  were  both  tolerably  constant  in  amount  when  the  man  was  at 
rest  When  he  was  driving  the  mill  by  ascending  the  treads,  the 
heat  given  out  was  increased,  but  the  carbon  exhaled  was  increased 
in  a  much  greater  ratio.  When  he  was  doing  negative  work  by 
descending  the  treads,  the  heat  given  out,  though  less  in  absolute 
amount,  was  gi-eater  in  proportion  to  the  carbon  exhaled,  than  in 
either  of  the  other  cases. 

360.  Heat  of  Chemical  Combination. — There  is  potential  enei^* 
between  the  particles  of  two  substances  which  would  combine  chemi- 
cally if  the  opportunity  were  afforded.  When  combinaiion  actually 
takes  place,  this  potential  energy  runs  down  and  yields  an  equivalent 
of  heat  We  may  suppose  that  the  particles  rush  together  in  virtue 
of  their  mutual  attraction,  and  thus  acquire  motions  which  constitute 
heat 

In  every  case  of  decomposition,  an  amount  either  of  heat  or  some 
other  form  of  energy  must  be  consumed  equivalent  to  the  heat  of 
combination. 

360  a.  Vegetable  Growth. — In  the  gi'owth  of  plants,  the  forces  of 
chemical  affinity  do  negative  work.  Particles  which  were  previously 
held  together  by  these  forces  are  separated,  and  potential  eneigy  is 
thus  obtained.  When  wood  is  burned,  this  potential  energy  is  con- 
verted into  heat. 

We  are  not,  however,  to  suppose  that  plants,  any  more  than 
animals,  have  the  power  of  creating  energy.  The  forces  which  are 
peculiar  to  living  plants  are  merely  directive.  They  direct  the 
energy  of  the  solar  rays  to  spend  itself  in  separating  the  carbon  and 
oxygen  which  exist  united  in  the  carbonic  acid  of  the  air ;  the  carbon 
being  taken  up  by  the  plant,  and  the  oxygen  left 

Coal  is  the  remnant  of  vegetation  which  once  existed  on  the  earth. 
Thus  all  the  substances  which  we  are  in  the  habit  of  employing  as 
fuel,  are  indebted  to  the  sun  for  the  energy  which  they  give  out  as 
heat  in  their  combustion. 

361.  Solar  Heat. — The  amount  of  heat  radiated  from  the  sun  is 
great  almost  beyond  belief  The  best  measures  of  it  have  been 
obtained  by  two  instruments  which  are  alike  in  principle — Sir  John 
Hei-schers  actinometer  and  Pouillet's  pyrheliomet^r.  We  shall 
describe  the  latter,  which  is  represented  in  Fig.  314.  At  the  upper 
end,  next  the  sun,  is  a  shallow  cyKnder  composed  of  very  thin  copper 
or  silver,  filled  with  water  in  which  the  bulb  of  a  thermometer  is 
inserted,  the  stem  being  partially  inclosed  in  the  hollow  tube  which 
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supporta  tlie  cylinder.     At  the  lov/er  end  of  tlie  tube  is  a  disc  equal 

and  pamllel  to  the  base  of  the  cylinder.     This  is  intended  to  receive 

the  shadow  of  the  cylinder,  and  thus  assist 

tbe  operator  in  pointing  the  instrument 

directly  towards  the  sun.     The  cylinder  is 

blackened,  in  order  that  its  absorbing  power  ' 

may  be  as  great  as  possible. 

The  insti'ument,  initially  at  tbe  tem- 
perature of  the  atmosphere,  is  first  placed 
for  fire  minutes  in  a  position  where  it  is 

exposed  to  the  sky,  but  shaded  from  the 

sun,  and  the  increase  or  diminution  of  its 

temperature  is  observed ;  suppose  it  to  be 

a  fall  of  S".    Tbe  screen  which  shaded  it 

from  tbe  sun  is  then  withdrawn,  and  its 

rise  of  temperature  is  observed   for  five 

minutes  with  the  sun  shining  upon  it;  call 

this  rise  T°.     Finally,  it  is  again  screened 

from  the  sun,  and  its  fall  in  five  minutes  is 

noted ; — call  this  8'°.    From  these  observa- 
tions it   is  infeiTed,  that  the  instrument, 

..,'  j.i.  1,     *  +  *■.,.  F)g.  311.-PjrheHoiiitMr. 

Willie  exposed  to  the  sun,  lost  -y-  to  the 

air  and  snrrounding  objects,  and  that  the  whole  beat  which  it 
received  from  the  sun  was  T  +  -g— ,  or  rather  was  the  product  of 
this  difference  of  temperature  by  the  thermal  capacity  of  the 
cylinder  and  its  contenta.  This  is  the  heat  which  actually  reaches 
the  instrument  from  the  sun,  but  a  large  additional  amount  has  been 
intercepted  by  absorption  in  the  atmosphere.  The  amount  of  this 
absorption  can  be  roughly  determined  by  comparing  observations 
taken  when  the  sun  has  different  altitudes,  and  when  the  distance 
traversed  in  the  air  is  accordingly  different  Including  the  amount 
thus  absorbed,  Pouillet  computes  that  the  heat  aent  yearly  hy  the  sun 
to  the  earth  would  he  sufficient  to  melt  a  layer  of  ice  30  metres  thick, 
"pread  over  the  surface  of  the  earth ;  andSir  John  Herscliel's  estimate 
in  not  very  diflerent. 

Tlie  earth  occupies  only  a  very  small  extent  in  space  as  viewed 
from  tbe  sun;  and  if  we  take  into  account  the  radiation  in  all  direc- 
tions, tbe  whole  amount  of  heat  emitted  by  the  sun  will  be  found  to 
be  about  2100  million  times  that  received  by  the  earth,  or  sufficient 
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to  melt  a  thickness  of  two-fifths  of  a  mile  of  ice  per  hour  over  the 
whole  surface  of  the  sun. 

361  A.  Sources  of  Solar  Heat. — The  only  causes  that  appear  at  all 
adequate  to  produce  such  an  enormous  effect,  are  the  energy  of  the 
celestial  motions,  and  the  potential  ener^  of  solar  gravitation.     The 
motion  of  the  earth  in  its  orbit  is  at  the  rate  of  about  96,500  feet  per 
second.     The  kinetic  energy  of  a  pound  of  matter  moving  with  tiiis 
velocity  is  equivalent  to  about  104,000  pound-degrees  Centigrade, 
whereas  a  pound  of  carbon  produces  by  its  combustion  only  8080. 
The  inferior  planets  travel  with  greater  velocity,  the  square  of  the 
velocity  being  inversely  as  the  distance  from  the  sun's  centre;  and 
the  energy  of  motion  is  proportional  to  the  square  of  velocity.     It 
follows  that  a  pound  of  matter  revolving  in  an  orbit  just  outside  the 
sun  would  have  kinetic  energy  about  220  times  greater  than  if  it 
travelled  with  the  earth.     If  this  motion  were  arrested  by  the  body 
plunging  into  the  sun,  the  heat  generated  would  be  about  2800  times 
greater  than  that  given  out  by  the  combustion  of  a  pound  of  charcoal 
We  know  that  small  bodies  are  travelling  about  in  the  celestial 
spaces;  for  they  often  become  visible  to  us  as  meteors,  their  incan- 
descence being  due  to  the  heat  generated  by  their  friction  against 
the  earth's  atmosphere ;  and  there  is  reason  to  believe  that  bodies  of 
this  kind  compose  the  immense  circumsolar  nebula  called  the  zodiacal 
light,  and  also,  possibly,  the  solar  corona  which  becomes  visible  in 
total  eclipses.     It  is  probable  that  these  small  bodies,  being  retarded 
by  the  resistance  of  an  ethereal  medium,  which  is  too  rare  to  interfere 
sensibly  with  the  motion  of  such  large  bodies  as  the  planets,  are 
gradually  sucked  into  the  sun,  and  thus  furnish  some  contribution 
towards  the  maintenance  of  solar  heat.     But  the  perturbations  of  the 
inferior  planets  and  comets  furnish  an  approximate  indication  of  the 
quantity  of  matter  circulating  within  the  orbit  of  Mercury,  and  this 
quantity  is  found  to  be  such  that  the  heat  which  it  could  produce 
would  only  be  equivalent  to  a  few  centuries  of  solar  radiation. 

Helmholz  has  suggested  that  the  smallness  of  the  sun's  density — 
only  J  of  that  of  the  earth — may  be  due  to  the  expanded  condition 
consequent  on  the  possession  of  a  very  high  temperature,  and  that 
this  high  temperature  may  be  kept  up  by  a  gradual  contraction. 
Contraction  involves  approach  towards  the  sun's  centre,  and  there- 
fore the  performance  of  work  by  solar  gravitation.  By  assuming 
that  the  work  thus  done  yields  an  equivalent  of  heat,  he  brings  out 
the  result  that,  if  the  sun  were  of  uniform  density  throughout,  the 
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heat  developed  by  a  contraction  amounting  to  only  one  ten-thousandth 
of  the  solar  diameter,  would  be  as  much  as  is  emitted  by  the  sun  io 
2100  years. 

361b.  Sources  of  Energy  available  to  Man. — Man  cannot  produce 
energy;  he  can  only  apply  to  his  purposes  the  stores  of  energy  which 
he  finds  ready  to  his  hand.  With  some  unimportant  exceptions, 
these  can  all  be  traced  to  three  sources: — 

I.  The  solar  rays. 

II.  The  energy  of  the  earth's  rotation. 

III.  The  energy  of  the  relative  motions  of  the  moon,  earth,  and* 
sun,  combined  with  the  potential  energy  of  their  mutual  gravitation. 

The  fires  which  drive  our  steam-engines  owe  their  energy,  as  we 
have  seen,  to  the  solar  rays.  The  animals  which  work  for  us  derive 
their  energy  from  the  food  which  they  eat,  and  thus,  indirectly,  from 
the  solar  raya  Our  water-mills  are  driven  by  the  descent  of  water, 
which  has  fallen  as  rain  from  the  clouds,  to  which  it  was  raised  in 
the  form  of  vapour  by  means  of  heat  derived  from  the  solar  raya 

The  wind  which  propels  our  sailing-vessels,  and  turns  our  wind- 
mills, is  due  to  the  joint  action  of  heat  derived  from  the  sun,  and  the 
earth's  rotation. 

The  tides,  which  are  sometimes  employed  for  driving  mills,  are 
due  to  sources  II.  and  III.  combined. 

The  work  which  man  ol^tains,  by  his  own  appliances,  from  the 
winds  and  tides,  is  altogether  insignificant  when  compared  with  the 
work  done  by  these  agents  without  his  intervention,  this  work  being 
chiefly  spent  in  friction.  It  is  certain  that  all  the  work  which  they 
do,  involves  the  loss  of  so  much  energy  from  the  original  sources;  a 
loss  which  is  astronomically  insignificant  for  such  a  period  as  a  cen- 
tury, but  may  produce,  and  probably  has  produced,  very  sensible 
eflocts  in  long  ages.  In  the  case  of  tidal  friction,  great  part  of  the 
loss  must  fall  upon  the  energy  of  the  earth's  rotation;  but  the  case 
is  very  different  with  winds.  Neglecting  the  comparatively  insigni- 
ficant effect  of  aerial  tides,  due  to  the  gravitation  of  the  moon  and 
sun,  wind-friction  cannot  in  the  slightest  degree  affect  the  rate  of  the 
earth's  rotation,  for  it  is  impossible  for  any  action  exerted  between 
parts  of  a  system  to  alter  the  angular  momentum  of  the  system 
(53  F.)  The  effect  of  easterly  winds  in  checking  the  earth's  rota- 
tion must  therefore  be  exactly  balanced  by  the  effect  of  westerly 
winds  in  accelerating  it  In  applying  this  principle,  it  is  to  be 
remembered  that  the  couple  exerted  by  the  wind  is  jointly  propor- 

30 
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tional  to  the  force  of  friction  resolved  in  an  easterly  or  westerly 
direction,  and  to  the  distance  from  the  earth's  axia 

361c.  Dissipation  of  Energy. — From  the  principles  laid  down  in  the 
present  chapter  it  appears  that,  although  mechanical  work  can  be 
entirely  spent  in  producing  its  equivalent  of  heat,  heat  cannot  be 
entirely  spent  in  producing  mechanical  work  Along  with  the  oon- 
veraion  of  heat  into  mechanical  effect,  there  is  always  the  transference 
of  another  and  usually  much  larger  quantity  of  beat  from  a  body  at 
a  higher  to  another  at  a  lower  temperature.  In  conduction  and 
radiation  heat  passes  by  a  more  direct  process  from  a  warmer  to  a 
colder  body,  usually  without  yielding  any  work  at  alL  In  these 
cases,  though  there  is  no  loss  of  energy,  there  is  a  running  to  waste 
as  far  as  regards  convertibility ;  for  a  body  must  be  hotter  than 
neighbouring  bodies,  in  order  that  its  heat  may  be  available  for 
yielding  work.  This  process  of  running  down  to  less  available  forms 
has  been  variously  styled  diffusion,  degradation,  and  dissipation  of 
energy,  and  it  is  not  by  any  means  confined  to  heat  We  can  assert 
of  energy  in  general  that  it  often  runs  down  from  a  higher  to  a 
lower  grade  (that  is  to  a  form  less  available  for  yielding  work),  and 
that,  if  a  quantity  of  energy  is  ever  raised  from  a  lower  to  a  higher 
grade,  it  is  only  in  virtue  of  the  degradation  of  another  quantity,  in 
such  sort  that  there  is  never  a  gain,  and  is  generally  a  loss,  of  avail- 
able energy. 

This  general  tendency  in  nature  was  first  pointed  out  by  Sir  W. 
Thomson.  It  obviously  leads  to  the  conclusion  that  the  earth  is 
gradually  approaching  a  condition  in  which  it  will  no  longer  be 
habitable  by  man  as  at  present  constituted. 


CHAPTER    XXXIII. 


STEAM  AND  OTHER  HEAT  ENGINE& 


862.  Heat-engines. — The  name  of  heat-engine  or  thermo-dynamic 
engine  is  given  to  all  machines  which  yield  work  in  virtue  of  heat 
which  is  supplied  to  them.  Besides  the  steam-engine,  it  includes  the 
air-engine  and  the  gas-engina  We  shall  first  describe  one  of  the 
best  forms  of  the  air-engine. 

868.  Stirling's  Air-engine. — Fig.  315  is  a  perspective  view,  and 
Fig.  316  a  section  of  the  engine  invented  by  Dr.  Robert  Stirling. 
The  particular  form  here  represented  is  that  which  has  been  adopted 
in  France  by  M.  Laubereau.  It  consists  of  two  cylinders  of  different 
diameters,  which  are  in  communication  with  each  other.  The  larger 
cylinder  is  divided  into  two  compartments  by  a  kind  of  large  piston 
made  of  plaster  of  Paris,  which,  however,  does  not  touch  the  sides  of 
the  cylinder,  and  thus  leaves  an  annular  space  for  communication 
between  the  two  compartmenta 

The  bottom  of  the  large  cylinder,  which  is  directly  exposed  to  the 
action  of  the  furnace,  is  slightly  concave;  the  top  is  double,  thus 
affording  an  intermediate  space,  through  which  cold  water  is  kept 
circulating  by  means  of  a  pump  which  is  driven  by  the  machine. 
From  this  arrangement  it  follows  that,  when  the  mass  of  plaster  is 
at  the  bottom  of  the  cylinder,  it  will  intercept  the  heat  of  the  fire, 
being  a  very  bad  conductor,  and  thus  the  air  in  the  cylinder  will  be 
cooled  by  the  water  in  the  double  top.  On  the  other  hand,  when 
the  piston  is  in  contact  with  the  refrigerator,  the  air  will  be  exposed 
to  the  action  of  the  fire,  and  its  elastic  force  will,  consequently,  be 
increased. 

The  smaller  cylinder  is  open  above,  and  contains  a  piston  which 
drives  a  crank  on  the  axle  of  a  heavy  fiy- wheel  of  cast-iron.  The  com- 
munication  between  the  two  cylinders  is  in  the  lower  part  of  each. 
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yuppoae  now  that  the  large  piston  ia  in  contact  with  the  refrige- 
rator, while  the  small  piston  is  in  its  lowest  position.  The  air  is  thns 
exposed  to  the  action  of  heat,  expands,  and  raises  the  small  piston. 
If  we  now  suppose  the  large  piston  shifted  to  the  bottom  of  the 


Fig.  SIS.^BUrling'a  Alr^ngiiu. 

cylinder,  the  air  will  cool,  and  its  tension  will  diminish,  becomiii'^ 
equal  to  or  even  less  than  that  of  the  atmosphere.  The  small  piston 
will  thus  be  carried  to  the  bottom  of  the  cylinder  by  the  movement 
of  the  fly-wheel,  and  will  again  be  pushed  up  by  the  expanding 
air,  if  wu  suppose  the  lai^e  piston  to  rise  again  to  the  top  of  iln 
cylinder. 
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Tbis  motioa  of  the  large  piston  is  effected,  aa  shown  in  the  figure, 
by  means  of  an  eccentric  on  the  axle  of  the  fly-wheel.  The  engine 
b  of  small  size,  and  is  intended  for 
purposes  requiring  but  little  power. 
To  obtain  high  efficiency,  according 
to  the  principles  of  the  preceding 
chapter,  the  difference  of  tempera- 
ture between  the  two  ends  of  the 
large  cylinder  should  be  very  great. 
This  amounts  to  saying  that  tlie 
lower  end  must  be  kept  very  hot, 
.stilce  it  is  practically  impossible  to 
keep  the  upper  end  much  cooler 
than  the  surrounding  atmosphere. 

The  facility  ot  maintaining  a  very        ,^  ,„  _^.^  _,  ^,^„^_  ^,_^_^ 
I  Ugh    temperature    constitutes    at 

once  the  strength  and  the  weakness  of  the  air-engine.  The  bottom 
of  the  cylinder  becomea  rapidly  oxidized,  and  needs  frequent  renewal 
Partly  for  this  reason,  and  partly  on  account  of  the  small  expansi- 
bility of  air  as  compared  with  the  expansion  which  takes  place  when 
water  is  converted  into  steam,  air-engines  are  seldom  employed  for 
high  powers. 

364,  The  Steam-engine :  its  History. — As  early  as  the  seventeenth 
century,  when  Otto  Gueiicke  and  TorricelJi  were  investigating  the 
pressure  and  the  weight  of  nir,  attention  had  been  given  to  the  phy- 
sical properties  of  steam,  and  the  idea  of  employing  it  as  a  source  of 
work  had  been  entertained. 

The  first  person  who  made  steam  drive  a  piston  was  Papin,  a  French 
philosopher,  inventor  of  the  digester  and  the  safety-valve  (born  J  650; 
died  ITIO).  About  the  year  1G90  he  constructed  a  working  model, 
consisting  of  a  cylinder  open  at  the  top,  containing  a  piston  and  a 
little  water  below  it.  The  water  was  converted  into  steam  by  the 
application  of  beat,  and  raised  the  piston.  The  machine  being  then 
allowed  to  cool,  the  steam  lost  its  tension,  and  the  pressure  of  the 
atmosphere  forced  the  piston  to  descend.  A  backward  and  forward 
motion  was  thus  obtained,  which  Papin  proposed  to  convert  into  a 
rotatory  motioa  by  means  of  rack^  and  pinion  work  and  ratchet-wheels. 

■  A  rack  u  a  itrught  bar  with  teeth  a(  one  edg^  which  worki  with  »  toothed  wheel 
called  a  frinioD. 
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A  description  of  Papin's  machine  is  given  in  the  Acta  Eruditorum 
under  date  1690. 

The  first  steam-engine  actually  employed  for  doing  useful  work 
was  invented  by  Savery  about  1697,  and  was  extensively  used  for 
draining  mines.  Steam  from  a  separate  boiler  was  admitted  to  press 
upon  the  surface  of  water  in  a  vessel,  and  thus  force  it  up  through 
an  ascending  pipe;  and  on  the  condensation />f  the  steam,  water  from 
a  lower  level  was  raised  into  the  vessel  by  atmospheric  pressura 
The  condensation  was  effected  by  applying  cold  water  to  the  outside 
of  the  vessel. 

Savery  s  engine,  which  was  a  steam-pump,  and  not  an  engine 
adapted  for  general  purposes,  was  superseded  by  an  engine  jointly 
contrived  by  Newcomen,  Savery,  and  Cawley,  which  combined  the 
cylinder,  and  piston  with  the  separate  boiler  and  with  condensation 
by  the  injection  of  cold  water  into  the  cylinder.  This  engine  is 
generally  referred  to  as  Newcomen*s  atmospheric  engine, — so  called 
because  the  descent  of  the  piston  was  produced  by  atmospheric  pres- 
sure, on  the  condensation  of  the  steam  beneath  it 

James  Watt  (born  1736;  died  1819),  who  effected  the  most  im- 
portant improvements  in  the  steam-engine,  had  his  attention  called 
to  the  subject  when  engaged  in  repairing  a  model  of  Newcomen's 
engine,  being  at  that  time  philosophical  instrument  maker  to  the 
University  of  Glasgow.  His  first  improvement  consisted  in  the 
introduction  of  a  separate  vessel  for  the  condensation  of  the  steate, 
,so  as  to  allow  of  keeping  the  cylinder  always  hoi 

This  first  improvement,  which  immediately  produced  a  great  saving 
of  fuel,  was  followed  by  another  of  scarcely  less  importance.  This 
consisted  in  substituting  the  pressure  of  steam  for  the  atmospheric 
pressure,  which  in  Newcomen's  engine  caused  the  downward  stroke 
of  the  piston.  The  upward  stroke  was  effected  by  means  of  a  coun- 
terpoise, the  steam  being  admitted  to  press  equally  both  above  and 
below  the  piston.  These  two  improvements,  and  a  general  perfect- 
ing of  the  details  of  the  machinery,  caused  Watt's  engine  to  supersede 
that  of  Newcomen.  The  engine  thus  contrived  by  Watt  is  called 
single-acting,  because  only  the  down-stroke  of  the  piston  is  produced 
by  the  pressure  of  steam.  This  arrangement  is  particularly  adapted 
for  pumping,  and  ia  commonly  employed  at  the  present  day  for 
draining  minea  It  was  not  long  before  Watt  perfected  his  engine 
by  employing  steam  to  produce  both  the  up-stroke  and  the  down- 
stroke.     This  is  the  chai-acteristic  of  the  douhU-dcting  engine,  which 
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was  carried  to  a  high  degree  of  perfection  by  the  inventor  himself, 
and  which  is  now  most  fi^ueatly  adopted  as  the  source  of  moving 
power.  We  may  add  that  the  improvements  introduced  ia  the 
steam-engine  since  Watt's  time  have  been  matters  of  detail  rather 
than  of  principla     We  proceed  to  describe  Watt's  engine. 

365.  Principle  of  the  Double-acting  Engine. — M  (Fig.  SI"?)  is  a  boiler 
communicating  with  the  top  and  bottom  of  the  cylinder  by  means  of 
two  stop-cocks  a  and  b.     Connection  can  be  established  between  the 


Fig.  91T.— Prinelplfof  the  Donble-notmf  Eigins. 

cylinder  and  the  condenser  I  by  two  other  cocks  c  and  d.  If  now 
tbe  cocks  a  and  c  are  opened,  and  b  and  d  shut,  the  steam  from  the 
boiler  will  arrive  above  the  piston  P,  while  that  which  was  previously 
introduced  below  will,  by  communication  with  the  condenser,  be 
more  or  less  condensed,  and  will  thus  lose  its  elastic  force;  the  piston 
will  accordingly  descend  to  the  bottom  of  the  cylinder.  The  two 
cocks  6  and  ij  are  then  opened,  while  the  other  two  are  shut;  the 
steam  above  the  piston  is  thus  condensed,  while  that  below  the  piston 
forces  it  up,  thus  causing  the  upward  stroke,  after  which  the  piston 
may  again  be  made  to  descend,  and  so  on. 

We  thus  see  that,  by  suitable  manipulation  of  the  stop-cocka 
at,  6,  c,  d,  we  can  give  the  piston  a  ba^ikward  and  forward  motion,  which 
may  easily  be  transformed  into  one  of  rotation.      For  this  purpose 
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the  piston-rod  is  connected  with  one  end  .of  the  beam  EG  by  the 
jointed  parallelogram  CBDE,  while  the  other  end  of  the  beam  is 
jointed  to  the  connecting-rod  GL,  which  is  itself  jointed  to  the  crank 
of  the  fly-wheel  RR 

It  will  be  seen  that,  if  the  piston  descends,  the  action  of  the  crank 
will  drive  the  wheel  in  the  direction  shown  by  the  arrow.  When 
the  piston  has  completed  its  downward  stroke,  the  connecting-rod 
and  the  crank  will  be  in  a  straight  line,  and  the  action  of  the  former 
upon  the  latter  will  have  no  tendency  to  turn  the  wheel  either  way. 
This  position  is  oalled  a  dead  point  But  the  momentum  acquired 
by  the  fly-wheel  will  carry  it  past  this  position,  and,  the  piston  having 
then  commenced  its  upward  stroke,  the  rotatory  movement  will  con- 
tinue in  the  same  direction  until  the  rod  and  crank  are  at  the  other 
dead  point,  which  occurs  at  180°  from  the  first,  and  is  passed  over 
in  the  same  way.  We  thus  see  that,  by  means  of  the  alternate 
motion  of  the  piston,  we  can  obtain  a  rotatory  motion,  which  may 
be  imparted  to  a  horizontal  shaft,  and  made  to  drive  machinery  of 
any  kind. 

The  jointed  parallelogram  which  connects  the  piston-rod  with  the 
beam  is  one  of  the  most  ingenious  of  the  improvements  introduced 
by  Watt.    Its  use  is  evident.    When  the  engine  is  at  work,  the  end  E 
of  the  beam  describes  an  arc  of  a  circle,  while  the  end  D  of  the  piston- 
rod  moves  in  a  straight  line ;  it  is  therefore  impossible  to  joint  them 
directly  together.    They  are  therefore  connected  through  the  medium 
of  the  short  rod  ED,  which,  with  the  two  other  rods,  BD  and  BC, 
together  with  the  part  CE  of  the  beam,  form  a  jointed  paralldo- 
gram,  the  angles  of  which  can  vary  according  to  the  position  of  the 
beam.     The  angle  B  is  connected  by  a  joint  with  the  end  of  the 
radius- rod  BO,  movable  about  the  fixed  point  O.     The  efibct  of  this 
arrangement  is  as  follows: — If  we  take  the  beam  in  a  horizontal 
position,  and  suppose  the  end  E  to  rise,  the  point  E  will  be  dmvrxi 
towards  the  left  by  the  action  of  the  beam,  and  towards  the  right  by 
the  action  of  the  radius-rod  BO,  which,  from  its  checking  the  move- 
ment of  the  piston-rod  to  either  side,  is  often  called  the  bridle-T^od. 
It  will  easily  be  understood  that  these  two  contrary  actions  may  be 
made  to  balance  each  other  almost  exactly,  and  that,  accordingly, 
the  end  D  of  the  piston  will  deviate  very  little  from  a  straight  line. 

366.  Arrangement  for  Admitting  the  Steam. — We  have  simplified 
the  description  of  the  steam-engine  by  supposing  that  the  coolcs  a 
and  c,  6  and  d  were  alternately  opened  by  hand.     This,  however,  is 
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not  tbe  actual  arrangement,  the  opemng  and  cloaiag  of  the  passages 
being  really  effected  by  automatic  movementa  The  most  usual 
arraDgetneat  for  this  purpose  is  tbe  slide-valve,  which  we  now  pro- 
ceed to  describe. 

The  steam,  instead  of  entering  the  cylinder  directly,  passes  into  it 
from  a  box  in  front  of  it  (Fig.  318),  which  is  called  the  valve-ckeat. 
In  the  opposite  face  of  the  box  from  that 
at  which  the  steam  enters,  are  three  holes 
or  ports  near  each  other.  The  uppermost 
of  these  communicates  with  the  upper 
part  of  tbe  cylinder;  the  lowest  one 
with  the  lower  part;  and  the  middle 
hole  with  o,  which  itself  is  in  communi- 
cation with  the  condenser.  Upon  this 
fiice  of  the  box  there  slides  a  rectan- 
gular piece  of  metal,  hollowed  out  on 
the  side  next  these  openings,  and  large 
enough  to  reach  over  two  of  the  ports  yjj.  sis— 3iidi.-..i.a. 

!it  once. 

In  the  right-hand  figure  this  slide-valve  is  supposed  to  be  at  the 
top  of  its  upward  stroke,  thus  admitting  the  steam  below  the  piston, 
nnd  pushing  it  in  the  direction  indicated  by  the  arrow ;  while  the 
steam  above  the  piston  is  put  in  communication  with  tbe  condenser. 
In  the  left-hand  figure,  the  opposite  position  is  shown ;  the  steam  is 
admitted  above  the  piston,  while  the  lower  part  of  the  cylinder  is  in 
communication  with  the  condenser. 

367.  Movemest  of  the  SUdin^valve. — It  is  desirable  that  the  move- 
meat  of  the  slide-valre  should  be  automatic;  for  this  purpose  the 
following  arrangement  is  employed.     A  circular  piece  of  metal  e. 


called  the  eccentric,  is  traversed  by  the  shaft  of  the  engine  in  a  point 
which  is  not  the  centre  of  the  piece,  and  is  rigidly  attached  to  tbe 
shaft.     This  eccentric  is  surrounded  with  a  ring  of  metal,  which  can 
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turn  freely  about  it.  and  which  forms  part  of  the  triangular  fnune  T. 
The  vertex  of  the  triangle  is  fieifiteiied  to  a  bent  lever  abc,  whidi  thus 
receives  an  oscillatory  movement  about  the  point  b.  This  movement 
raises  and  lowers  alternately  the  rod  d,  which  is  attached  to  the 
sliding-valve,  and  thus  gives  that  valve  its  motion. 

368.  Air-pump  of  the  Condenser. — The  condenser  is  a  cylinder  into 
which  a  jet  of  cold  water  constantly  plays,  the  quantity  of  which 
can  be  increased  or  diminished  at  pleasura  The  steam,  in  its  con- 
densation, heats  the  cold  water,  and  at  the  same  time  the  air  con- 
tained in  the  water  is  disengaged,  owing  to  the  small  pressure  in  the 
condenser.  It  is  thus  found  necessary  to  pump  out  both  the  air  and 
the  water ;  and  the  pump  which  does  this  is  driven  by  the  beam  of 
the  engine. 

The  warm  water  thus  drawn  out  is  conducted  to  a  reservoir,  whence 
a  poition  of  it  is  raised  by  a  second  pump,  and  forced  into  the  boiler. 
Finally,  a  third  pump,  usually  of  greater  power  than  the  other  two, 
raises  water  from  some  external  source,  and  discharges  it  into  a  hath 
called  the  cold  wM,  which  feeds  the  condenser.  These  last  two  pumps 
are  also  connected  with  the  beam  of  the  engine. 

369.  Governor-balls. — The  apparatus  called  the  governor-balls  or 
the  centrifugal  governor  was  designed  by  Watt  for  the  purpose  of 
regulating  the  admission  of  steam  in  such  a  manner  as  to  render  the 
rate  of  the  engine  nearly  constant  through  all  variations  of  the  resist 
ance  to  be  overcome. 

It  consists  of  a  vertical  axis  y  (Fig.  320),  which  receives  a  rotatory 
movement  from  the  machine.  To  the  top  of  this  are  jointed  two 
rods  o/?,  o'/3',  carrying  the  heavy  balls  Z  and  Z'.  Two  other  rods, 
0  «,  j3'«',  are  jointed  to  the  first,  so  as  to  form  with  them  a  lozenge, 
the  lower  end  of  which  is  fastened  to  a  sliding-ring  m,  which  sur- 
rounds the  axis  of  rotation.  When  the  engine  is  at  rest,  the  sides  of 
the  lozenge  are  as  near  as  possible  to  the  vertical,  but  when  it  begins 
to  work,  the  balls  are  carried  out  from  the  vertical  *by  centrifugal 
force,  and  the  distance  increases  with  the  velocity  of  rotation  The 
sliding-ring  is  thus  raised,  and,  by  means  of  a  system  of  levers,  acts 
upon  a  throttle- valve  (a  disc  turning  about  a  diameter)  in  the  steam- 
pipe,  so  as  to  diminish  the  supply  of  steam  to  the  cylinder  when  the 
velocity  increases. 

370.  Use  of  the  Fly-wheel. — From  the  mode  in  which  the  motion 
of  the  piston  is  transmitted  to  the  shaft,  it  is  obvious  that  the  driving 
couple  undergoes  great  variations  of  njagnituda     It  is  greatest  (con- 
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BidereJ  statically)  wLen  tbe  crank  is  nearly  at  right  angles  to  the 
connecting-rod,  and  diminishes  in  approaching  the  dead  points,  where 
it  vanishes^ altogether.  These  variations  in  the  driving  couple  tend  to 
produce  cor i-espon ding  variations  in  the  velocity  of  rotation. 
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Other  causes  also  contribute  to  produce  the  same  result,  especially 
the  vanations  in  the  amount  of  resistance  to  be  overcome.     I(  for 
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instance,  the  engine  drives  a  wheel  with  cams  which  raise  a  tilt- 
hammer,  when  the  hammer  falls  the  principal  resistance  is  removed, 
and  the  engine  immediately  begins  to  quicken  its  speed.  When  the 
hammer  is  caught  again  by  the  next  cam,  the  velocity  is  suddenly 
diminished,  and  so  on.  Similar  results,  though  not  of  so  marked  a 
character,  are  produced  in  engines  of  all  kinds.  These  sudden  changes 
of  velocity,  if  not  mitigated,  would  be  very  injurious  to  the  mechan- 
ism of  the  engine,  by  the  shocks  which  they  would  produce. 

The  use  of  the  fly-wheel  is  to  remedy  this  evil.  It  is  a  wheel  of 
considerable  size  and  weight  (the  weight  being  collected  as  much  as 
possible  at  the  rim),  and  receives  a  rotatory  movement  from  the 
engine.  If  the  driving  power  increases,  or  the  resistance  diminishes, 
all  the  moving  parts  of  the  engine  acquire  increased  velocities ;  but 
the  greatest  part  of  the  additional  energy  of  motion  thus  generated 
goes  to  the  fly-wheel,  which  has  such  a  large  moment  of  inertia  that 
a  very  slight  change  in  its  angular  velocity  represents  a  large  amount 
of  energy  (§  53  G).  The  energy  thus  absorbed  by  the  fly-wheel  is 
restored  by  it  when  the  velocity  is  checked ;  and  the  rotation  of  the 
shaft  is  thus  rendered  nearly  uniform  in  all  parts  of  the  stroke.  The 
size  of  the  fly-wheel  is  usually  made  such  that  the  difierence  between 

the  greatest  and  least  velocities  shall  not  exceed  about  3^  of  the  mean 

velocity. 

871.  General  Description  of  Watt's  Engine. — The  explanations  above 
given  will  enable  the  reader  to  understand  the  general  arrangement 
of  Watt's  engine  as  represented  in  Fig.  320.  It  is  merely  necessary 
to  remark  that  the  slide-valve  is  slightly  different  from  that  described 
above,  but  the  modification  is  not  of  any  importance. 

372.  Working  Expansively. — Among  the  modifications  introduced 
since  Watt's  time,  we  must  notice  in  the  first  place  what  is  called 
expansive  worldTig}  When  the  piston  has  performed  a  part  of  its 
stroke,  the  steam  is  shut  off*  (or  in  technical  phrase  cvi  off)  from  the 
cylinder,  and  the  expansive  force  of  the  steam  already  admitted  is 
left  to  urge  the  piston  through  the  remainder  of  its  course.  By  this 
means  a  great  economy  of  steam  may  be  effected.  The  part  of  the 
stroke  at  which  the  cut-off  occurs  may  be  determined  at  pleasure. 
It  is  sometimes  at  half-stroke,  sometimes  at  quarter-stroke,  some- 
times at  one-fifth  of  stroke.     In  the  latter  case,  the  piston  describes 

^  This  was  one  of  Watt's  inventions,  but  it  has  been  much  more  fully  dereloped  in  reoenc 
times. 
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the  remftioiDg  four-fifths  of  its  stroke  under  the  graduaJly  diminish- 
ing pressure  of  the  steam  which  entered  the  cylinder  during  the  first 
fifth;  and  the  work  done  during  these  four-fifths  is  so  much  work 
gained  by  working  expansively. 

373.  Modification  of  Slide-valve  for  Expansive  Working. — The  cut- 
ting-off  of  the  steam  before  the  end  of  the  stroke  is  usually  effected 
by  the  contrivance  represented  in  Fig.  321 :  ad,  ad',  are  two  plates 
forming  part  of  the  slide-valve 
and  of  much  greater  width  than 
the  openings  L,  L'.  The  * 
of  width  is  called  la'p.  By  this 
arrangement  one  of  the  apertures 
is  kept  closed  for  some  time,  so  Ffg. 3si.-Biids.4i«fMKipiuuiTeWorLing. 
that  the  steam  is  shut  off,  and 

acts  only  by  its  expansion.  The  expansion  increases  with  the  lap, 
but  not  in  simple  proportion,  as  equal  movements  of  the  slide-valve 
do  not  correspond  to  equal  movements  of  the  piston.  The  amount  of 
expansion  can  also  be  regulated  by  means  of  the  li'nk-'motion,  which 
will  be  described  in  g  390. 

874.  Componnd  Engines. — This  is  the  name  given  to  engines  in 
which  the  steam  performs  the  greater  part  of  its  expansion  in  a  second 
cylinder,  of  much  larger  cross-section  than  the  first,  the  increased 
area  of  pressure  on  the  piston  serving  to  compensate  for  the  dimin- 
ished  intensity  of  pressure  which 
exists  in  the  latter  part  of  the  stroke, 
and  thus  to  produce  greater  steadi- 
ness of  driving- power.   Various  me- 
thods have  been  adopted  for  con- 
necting  the   two   cylinders.      One 
arrangement  for  this  purpose  is  re- 
presented  in  Fig.  322.     p  is  the 
smaller    piston,    working    in    the 

smaller  cylinder  ABCD.       Pis   the         Flg.saa.— ConpmmdcTllnder  Amngdronnt. 

larger  piston,  working  in  the  larger 

cylinder  A'B'CD'.  In  the  up-stroke,  the  passage  DA'  is  closed,  and 
0  B'  is  open.  The  small  piston  is  forced  up  by  the  high-pressure 
steam  beneath,  while  the  steam  above  it,  instead  of  escaping  to  a 
condenser,  expands  into  the  Ifirge  cylinder,  and  there  raises  the 
piston  P,  the  upper  part  of  the  large  cylinder  being  connected  with 
the  condenser.     In  the  down-stroke,  the  passage  CB'  is  closed,  and 
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DA'  is  open.  The  two  piston-rods  are  connected  with  the  same  end 
of  the  beam,  and  rise  and  fall  together.  The  distribution  of  the 
steam  is  effected  by  means  of  two  slide-valves,  each  governed  by  an 
eccentric. 

Compound  engines  have  been  adopted  for  some  lines  of  ocean- 
steamers,  where  it  is  of  primary  importance  to  obtain  as  much  work 
as  possible  from  a  limited  quantity  of  fuel  Engineers  are,  however, 
divided  in  opinion  as  to  whether  any  advantage  attends  their  use. 

374a.  Surface  Condensation. — In  several  modem  engines,  the  con- 
denser consists  of  a  number  of  vertical  tubes  of  about  half  an  inch 
diameter,  connected  at  their  ends,  and  kept  cool  by  the  external 
contact  of  cold  water.  The  steam,  on  escaping  from  the  cylinder, 
enters  these  tubes  at  their  upper  ends,  and  becomes  condensed  in  its 
passage  through  them,  thus  yielding  distilled  water,  which  is  pumped 
back  to  feed  the  boiler.  The  same  water  can  thus  be  put  through 
the  engine  many  times  in  succession,  and  the  waste  which  occars  is 
usually  repaired  by  adding  from  time  to  time  a  little  distilled  water 
prepared  by  a  separate  apparatus. 

375.  Classification  of  Steam-engines. — The  distinctions  which  exist 
between  different  kinds  of  stationary  engines  relate  either  to  the 
pressure  of  the  steam,  or  to  its  mode  of  action,  or  to  the  arrangement 
of  the  mechanism,  especially  as  regards  the  mode  in  which  the  move- 
ment of  the  piston  is  transmitted  to  the  rest  of  the  machinery. 

On  the  first  of  these  heads,  it  must  be  remarked  that  the  terms 
low-pi^esaure  and  high-pressure  are  no  longer  equivalent  to  con- 
densing  and  non-condeTising  as  they  once  were,  and  merely  express 
differences  of  degree. 

When  the  pressures  employed  are  very  low  there  is  little  risk  of 
explosion  and  little  wear  and  tear;  but  the  engine  must  be  very  large 
in  proportion  to  its  power,  and  expansive  working  cannot  be  em- 
ployed. Low-pressure  engines  are  always  condensing,  though  the 
converse  is  not  true. 

With  regard  to  the  mode  of  action  of  the  steam,  engines  may  be 
classed  as  condensing  or  non-condensing,  as  expansive  or  non-expan- 
sive. Condensation  increases  the  quantity  of  work  obtainable  from 
a  given  consumption  of  fuel,  and  is  almost  always  employed  for 
stationary  engines  where  the  supply  of  water  is  abundant,  and  also 
for  marine  engines,  but  it  is  dispensed  with  in  locomotives  and 
agricultural  engines. 

Expansive  working  is  also  conducive  to  efficiency,  as  is  obvious 
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from  §  372.  AESuming  the  temperature  of  the  steam  to  remain  con- 
stant during  the  expansion,  the  following  table,  calculated  by  an 
application  of  Boyle's  lav,  exhibits  the  relative  amounts  of  work 
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obtained  from  the  same  weight  of  steam  with  different  ranges  of 
expansion : — 
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Expansive  working  is  often  combined  with  the  superheating  of 
steam,  that  is  to  say,  heating  the  steam  after  it  has  been  formed,  so 
as  to  raise  its  temperature  above  the  point  of  saturation.  This 
increases  the  difference  of  temperatures  to  which,  according  to  the 
second  law  of  thermo-dynamics,  the  maximum  efficiency  is  propor- 
tional ;  and  experience  has  shown  that  an  actual  increase  of  efficiency 
is  thus  obtained. 

376.  Form  and  Arrangement  of  the  Several  Parts. — ^As  regards  their 
mechanism,  the  arrangement  of  steam-engines  is  considerably  varied. 
In  stationary  condensing  engines,  the  beam  and  parallelogram  are 
usually  retained;  but  the  arrangement  of  high-pressure  non-con- 
densing engines  is  generally  simpler.  The  piston-rod  frequently 
travels  between  guides,  and  drives  the  crank  by  means  of  a  connect- 
ing-rod. The  cylinder  may  be  either  vertical  or  horizontal,  or  even 
inclined  at  an  angle.  An  engine  of  this  kind  is  represented  in  Fig. 
323. 

Oscillating  Engines, — The  space  occupied  by  the  engine  may  be 
lessened  by  jointing  the  piston-rod  directly  to  the  crank  without  any 
connecting-rod.  In  this  case  the  cylinder  oscillates  around  two 
gudgeons,  one  of  which  serves  to  admit  the  steam,  the  other  to  let 
it  escape.  The  distribution  of  the  steam  is  effected  by  means  of  a 
slide-valve  whose  movements  are  governed  by  those  of  the  cylinder. 
Oscillating  engines  are  very  common  in  steam-boats,  and  usually 
produce  an  exceedingly  smooth  motion. 

S??.  Rotatory  Engines. — Numerous  attempts  have  been  made  to 
dispense  with  the  reciprocating  movement  of  a  piston,  and  obtain 
rotation  by  the  direct  action  of  steam.  Watt  himself  devised  an 
engine  on  this  plan  in  1782.  Hitherto,  however,  the  results  obtained 
by  this  method  have  not  been  encouraging.  Behren*s  engine,  which 
we  now  proceed  to  describe,  is  one  of  the  most  promising  of  the 
rotatory  engines. 

Fig.  325  is  a  perspective  view  of  the  engine,  and  Fig.  326  a  cross- 
section  of  the  cylinders,  showing  the  mode  of  action  of  the  steam. 
C  and  C  are  two  parallel  axes,  connected  outside  by  two  toothed 
wheels,  so  that  they  always  turn  in  opposite  directions.  One  of 
these  axes  is  the  driving-shaft  of  the  engine.  These  two  axes  are 
surrounded  by  fixed  collars  c  and  c\  which  fit  closely  to  the  cylin- 
drical sectors  E  and  E';  these  latter,  which  are  rigidly  connected  with 
the  axes  C,  C,  ai'e  capable  of  moving  in  the  incomplete  cylinders 
A  and  A',  and  act  as  revolving  pistons.     In  the  position  represented 
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m  the  figure,  the  steam  enters  at  B,  and  will  escape  at  D ;  it  is  acting 
only  upon  the  sector  E,  and  pushes  it  in  the  direction  indicated  by 
tlie  arrow ;  the  shaft  C  is  thus  turned,  and  causes  the  shaft  C  to  turn 


,— Behno'i  Rot»torj  Eogiufr 


in  the  opposite  direction,  carrying  with  it  E',  to  which  it  is  attached. 
After  half  a  revolution  the  sector  E'  will  be  in  a  position  correspond- 
ing, left  for  right,  to  that  which  E  now  occupies;  it  will  then  be 
\irged  by  the  steam,  so  as  to  continue  the  motion  in  the  same  direc- 
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tiun  for  another  half- revolution,  vhea  the  two  sectors  will   have 
resumed  the  position  represented  in  the  figure. 

380.  Boilers. — There  are  many  forms  of  boiler  in  use.     That  which 
is  represented   in   Fig.  327  is  the 
favourite  form  in  Fi-ance,  and  is  also 
extensively  used   in    this   country, 
where  it  is  called  the  French  boiler, 
or  t\ie  cyliiuii-ical  boilerwUh  keaiera. 
The  main  boiler-shell  A  is  cylindrical 
with  hemispherical  ends.      BB  are 
two  cylindrical  tubes  called  heaters, 
of  the  same  length  as  the  main  shell, 
Fig.j!fl.-s«tio„o(B.h™.Kogi».         «"d  connected  with   it  by  vertical 
tubes  d,  d,  of  which  there  are  usueUIj 
three  to  each  heater.    A  horizontal  brick  partition,  a  little  higher  than 
the  centres  of  the  heaters,  extends  along  their  whole  length;  and  a  ver 
tical  partition  runs  along  the  top  of  each  heater,  except  where  inter- 
rupted by  the  vertical  tubes.     The  flame  from  the  furnace  is  thns 
compelled  to  travel  in  the  lirst  instance  backwards,  beneath  the 


Fig  3S7.— Boilu  irlth  Hnun. 

heaters;  then  forwards,  through  the  intermediate  space  between  the 
lieaters  the  vertical  tubes  and  the  main  shelli  and  lastly,  backwards, 
through  the  side  passages  CC,  which  lead  to  the  chimney.  By  thus 
compelling  the  flame  to  travel  for  a  long  distance  in  contact  vritli 
the  boiler,  the  quantity  of  heat  communicated  to  the  water  is 
increased. 

The  level  of  the  water  is  shown  at  A  in  the  left-hand  figure.     The 
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relative  spaces  allotted  to  the  steam  and  the  water  are  not  always 
the  same;  but  must  always  be  so  regulated  that  the  steam  shall 
arrive  in  the  cylinder  as  dry  as  possible,  that  is  to  say,  that  it  shall 
not  carry  with  it  drops  of  water.  Before  being  used,  boilers  should 
always  be  tested  by  subjecting  them  to  much  greater  pressures  than 
they  will  have  to  bear  in  actual  use.  Hydraulic  pressure  is  com- 
monly employed  for  this  purpose,  as  it  obviates  the  risk  of  explosion 
in  case  of  the  boiler  giving  way  under  the  test. 

381.  Boilers  with  the  Fire  Inside. — When  it  is  required  to  lessen 
the  weight  of  the  boiler,  without  much  diminishing  the  surface 
exposed  to  heat,  as  in  the  case  of  marine  engines,  the  method  adopted 
is  to  place  the  furnace  inside  the  boiler,  so  that  it  shall  be  completely 
surrounded  with  water  except  in  front  The  flame  passes  fi'om  the 
furnace,  which  is  in  the  front  of  the  boiler,  into  one  or  two  large  tubes, 
leading  to  a  cavity  near  the  back,  whence  it  ^returns  through  a 
number  of  smaller  tubes  traversing  the  boiler,  and  finally  escapes  by 
the  chimney. 

382.  Bursting  of  Boilers:  Safety-valves. — Notwithstanding  the  tests 
to  which  boilers  are  subjected  before  being  used,  it  too  often  happens 
that,  owing  either  to  excessive  pressure  or  to  weakening  of  the  boiler, 
very  disastrous  explosions  occur. 

Excess  of  pressure  is  guarded  against  by  gauges,  which  show  what 
the  pressure  is  at  any  moment,  and  by  safety-valves,  which  allow 
steam  to  escape  whenever  the  pressure  exceeds  a  certain  limit. 

Various  kinds  of  manometer  or  pressure-gauge  have  been  described 
in  Chap.  xiv.  That  which  is  most  commonly  employed  in  connection 
with  steam-boilers  is  Bourdon's  (§  126). 

A  thermometer,  specially  protected  against  the  pressure  and  con- 
tact of  the  steam,  is  also  sometimes  employed,  under  the  name  of 
(hermO'Tnanometer,  on  the  principle  that  the  pressure  of  saturated 
steam  depends  only  on  its  temperature. 

The  safety-valve,  represented  in  the  upper  part  of  Fig.  327,  consists 
of  a  piece  of  metal,  having  the  form  either  of  a  truncated  cone  or  of 
a  flat  plate,  fitting  very  truly  into  or  over  an  opening  in  the  boiler. 
The  valve  is  pressed  down  by  a  weighted  lever ;  the  weight  and  the 
length  of  the  lever  being  calculated,  so  that  the  force  with  which  the 
valve  is- held  down  shall  be  exactly  equal  to  the  force  with  which  the 
steam  woidd  tend  to  raise  it  when  at  the  limiting  pressure.  In 
movable  engines,  the  weighted  lever  is  replaced  by  a  spring,  the 
tension  of  which  can  be  regulated  by  means  of  a  screw. 
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Safety-valves  afford  ample  protection  against  the  danger  arising 
from  gradual  increase  of  pressure ;  but  they  are  liable  to  fail  in  cases 
where  there  is  a  sudden  generation  of  a  large  quantity  of  steam.  This 
explosive  generation  of  steam  may  occur  from  various  causea 

If,  for  instance,  the  water  in  the  boiler  is  allowed  to  fall  too  low, 
the  sides  of  the  boiler  may  be  heated  to  so  high  a  temperature  that, 
when  fresh  water  is  admitted,  it  will  be  immediately  converted  into 
steam  on  coming  in  contact  with  the  metal 

Hence  it  is  of  gre9»t  importance  to  provide  that  the  water  in  the 
boiler  shall  not  faJl  below  a  certain  level,  depending  on  the  shape  of 
the  boiler  and  furnace. 

The  following  are  the  means  employed  for  securing  this  end : — 

1.  Two  cocks  are  placed,  one  a  little  below  the  level  at  which  the 
water  should  stand,  and  the  other  a  little  above  it;  these  are  opened 
from  time  to  time,  when  water  should  issue  from  the  first,  and  steam 
from  the  second. 

2.  The  water-gauge  is  a  strong  vertical  glass  tube,  having  its  ends 
fitted  into  two  short  tubes  of  metal,  proceeding  one  from  the  steam- 
space  and  the  other  from  the  water-space.  The  level  of  the  water  is 
therefore  the  same  in  the  gauge  as  in  the  boiler,  and  is  constantly 
visible  to  the  attendant  The  metal  tubes  are  furnished  with  cocks, 
which  can  be  closed  if  the  glass  tube  is  accidentally  broken. 

884.  Causes  of  Explosion. — Another  cause  of  the  explosive  genera- 
tion of  steam  is  the  incrustation  of  the  boiler  with  a  hard  deposit, 
due  to  the  impurities  of  the  water  employed.  This  crust  is  a  bad 
conductor,  and  allows  the  portion  of  the  boiler  covered  with  it  to 
become  overheated;  when,  if  water  should  find  its  way  past  the  crust, 
and  come  in  contact  with  the  hot  metal,  there  is  great  danger  of 
explosion. 

The  best  preventive  of  incrustation  is  the  employment  of  distilled 
water  in  connection  with  surface  coildensation  (§  374  a).  In  default 
of  this,  portions  of  the  water  in  the  boiler  must  be  blown  off  fix>m 
time  to  time  so  as  to  prevent  it  from  becoming  too  highly  concen- 
trated. This  is  especially  necessary  when  the  boiler  is  fed  with  salt 
water. 

Among  the  causes  of  the  bursting  of  boilers,  we  may  also  notice 
undue  smallness  of  the  vertical  tubes  in  boilers  with  heaters  (§  380). 
When  this  fault  exists,  the  steam  which  is  generated  is  not  imme- 
diately replaced  by  water,  and  overheating  is  liable  to  occur. 

Another  cause  of  explosions  is  probably  to  be  found  in  a  property 
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of  water  which  has  only  recently  been  recognized.  It  has  been 
shown  that,  when  water  is  deprived  of  air,  it  does  not  begin  boiling 
till  it  has  acquired  an  abnormally  high  temperature,  and  then  bursts 
ioto  steam  with  explosive  violence  (§  263,  Denny's  experiment). 
This  danger  is  to  he  apprehended  when  a  boiler,  which  has  been 
allowed  to  cool  after  being  for  some  time  in  use,  is  again  brought 
into  action  without  the  addition  of  a  fresh  supply  of  water. 

But  it  appears  that  the  most  frequent  cause  of  boiler  explosions  is 
the  gradual  eating  away  of  some  portion  of  the  boiler  by  rust,  so  as 
to  render  it  at  last  too  weak  to  withstand  the  pressure  of  the  steam 
within  it.  The  only  general  remedy  for  this  danger  b  periodical  and 
enforced  inspection. 

385,  Feeding  of  the  Boiler:  Giffard's  Injector. — The  feeding  of  the 
boiler  is  usually  effected  by  means  of  a  pump  driven  by  the  engine 


Fig.  33S.— OiOiuil'i  tn]«>:tor. 

itself.  Of  late  years  this  plan  has  been  largely  superseded  by 
Giffard's  invention  of  an  apparatus  by  means  of  which  the  boiler  is 
supplied  with  water  by  the  direct  action  of  its  own  steam. 

This  very  curious  appai-atus  contains  a  conical  tube  tt,  by  which 
the  steam  issues  when  the  injector  is  working;  the  steam  from  the 
boiler  conies  through  the  tube  VV,  and  enters  the  tube  ((  through 
small  boles  in  its  circumference.     On  issuing  from  the  cone  1 1,  the 
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steam  enters  another  cone  c  c,  where  it  meets  the  water  which  is  to 
feed  the  boiler,  and  which  comes  through  the  tube  EE.  The  contact 
of  the  water  and  the  steam  produces  two  results :  (1)  the  steam,  which 
possesses  a  great  velocity  due  to  the  pressure  of  the  boiler,  communi- 
cates part  of  its  velocity  to  the  water;  (2)  at  the  same  time  the  steam 
is  condensed  by  the  low  temperature  of  the  water,  so  that  at  the 
extremity  of  the  cone  as  far  as  e  e  the  entire  space  is  occupied  by 
water  only,  with  the  exception  of  a  few  bubbles  of  steam  which 
remain  in  the  centre  of  the  liquid  vein. 

The  liquid,  on  issuing  from  the  cone  c  c,  traverses  an  open  space 
for  a  little  distance  before  entering  the  divergent  opposite  cone  dd, 
through  which  it  is  conducted  to  the  boiler  by  the  pipe  M,  The 
water  will  not  enter  the  boiler  unless  it  possess  a  sufficient  velocity 
to  produce  in  the  divergent  cone  a  greater  pressure  than  that  which 
exists  in  the  boiler ;  when  this  is  the  case,  the  excess  of  pressure  opens 
a  valve,  and  water  enters  the  boiler  from  the  injector. 

We  may  complete  this  brief  description  by  pointing  out  one  or 
two  arrangements  by  which  the  action  of  the  apparatus  is  regulated. 
It  is  useful  to  be  able  to  vary  the  volume  of  steam  issuing  through 
tlie  cone  ^^,  as  required  by  the  pressure  in  the  boiler;  this  is  easily 
effected  by  means  of  the  pointed  rod  a  a,  which  is  called  the  needh, 
and  is  screwed  forwards  or  backwards  by  turning  a  handle.  It  is 
also  necessary  to  be  able  to  regulate  the  volume  of  water  which  enters 
the  cone  c  c  from  the  supply- pipe  E ;  this  is  done  by  means  of  a  lever, 
which  is  not  shown  in  the  figure,  and  which  moves  the  tube  and 
cone  1 1  forwards  or  backwards. 

The  tube  E  dips  into  a  bath  containing  the  feed- water;  and  AT 
is  the  overflow  pipe. 

It  appears  at  first  sight  paradoxical  that  steam  should  be  able,  as 
in  Giffard's  injector,  to  overcome  its  own  pressure,  and  force  water 
into  the  boiler  against  itself;  but  it  must  be  remembered  that  the 
water  which  is  forced  in  is  less  bulky  than  the  steam  which  issues, 
so  that  the  exchange,  though  it  produces  an  increase  of  mass  in  the 
contents  of  the  boiler,  involves  a  diminution  of  pressure,  as  well  as 
a  fall  of  temperature. 

886.  Locomotive:  History. — The  following  sketch  of  the  history  of 
tlie  locomotive  is  given  by  Professor  Rankine.^  "  The  application  of 
the  steam-engine  to  locomotion  on  land  was,  according  to  Watt,  sug- 

*  Manual  of  the  Steam-engine,  pp.  xxv-xxvii,  edition  1866. 
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gested  by  Robison  in  1759.  In  1784  Watt  patented  a  locomotive- 
engine,  which,  however,  he  never  executed.  About  the  same  time 
Murdoch,  assistant  to  Watt,  made  a  very  efficient  working  model  of 
a  locomotive-engine.  In  1802  Trevithick  and  Vivian  patented  a 
locomotive-engine,  which  was  constructed  and  set  to  work  in  1804 
or  1805.  It  travelled  at  about  5  miles  an  hour,  with  a  net  load  of 
ten  tona  The  use  of  fixed  steam-engines  to  drag  trains  on  railways 
by  ropes,  was  introduced  by  Cook  in  1808. 

"  After  various  inventors  had  long  exerted  their  ingenuity  in  vain 
to  give  the  locomotive-engine  a  firm  hold  of  the  track,  by  means  of 
rackwork-raiLs  and  toothed  driving-wheels,  legs  and  feet,  and  other 
contrivances,  Blackett  and  Hedley,  in  1813,  made  the  important  dis- 
covery that  no  such  aids  are  required,  the  adhesion  between  smooth 
wheels  and  smooth  rails  being  sufficient.  To  adapt  the  locomotive- 
engine  to  the  great  and  widely- varied  speeds  at  which  it  now  has  to 
travel,  and  the  varied  loads  which  it  now  has  to  draw,  two  things 
are  essential — that  the  rate  of  combustion  of  the  fuel,  the  original 
source  of  the  power  of  the  engine,  shall  adjust  itself  to  the  work  which 
the  engine  has  to  perform,  and  shall,  when  required,  be  capable  of 
being  increased  to  many  times  the  rate  at  which  fuel  is  burned  in 
the  furnace  of  a  stationary  engine  of  the  same  size ;  and  that  the 
surface  through  which  heat  is  communicated  from  the  burning  fuel 
to  the  water  shall  be  very  large  compared  with  the  bulk  of  the 
boiler.  The  first  of  these  objects  is  attained  by  the  blast-pipe,  in 
vented  and  used  by  George  Stephenson  before  1825;  the  second  by 
the  tubular  boiler,  invented  about  1829,  simultaneously  by  Sdguin 
in  France  and  Booth  in  England,  and  by  the  latter  suggested  to 
Stephenson.  On  the  6th  October,  1829,  occurred  that  famous  trial 
of  locomotive-engines,  when  the  prize  offered  by  the  directors  of  the 
Liverpool  and  Manchester  Railway  was  gained  by  Stephenson's 
engine  the  'Rocket,'  the  parent  of  the  swift  and  powerful  locomo- 
tives of  the  present  day,  in  which  the  blast-pipe  and  tubular  boiler 
are  combined.  Since  that  time  the  locomotive  engine  has  been  varied 
and  improved  in  various  details,  and  by  various  engineers.  Its  weight 
now  ranges  from  five  tons  to  fifty  tons ;  its  load  from  fifty  to  five 
hundred  tons ;  its  speed  from  ten  miles  to  sixty  miles  an  hour." 

389.  Description  of  a  Locomotive. — ^A  section  of  a  locomotive  is 
represented  in  Fig.  329.  The  boiler  is  cylindrical.  Its  forward  end 
abuts  on  a  space  beneath  the  chimney,  called  the  smoke-box.  At  its 
other  end  is  a  larger  opening,  surrounded  above  and  on  the  two  sides 
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by  the  boiler,  and  called  the  fire-box.  The  fuel  ia  heaped  up  on  the 
bare  which  form  the  bottom  of  the  fire-box,  and  the  cinders  fall  on 
the  line.  The  fire-box  and  smoke-box  are  connected  by  brass  tubes, 
firmly  rivetted  to  the  ends  of  the  boiler;  and  the  products  of  combus- 
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tion  escape  by  traversing  these  from  end  to  end.  The  tubes  are  very 
numerous,  usually  from  150  to  180,  thus  affording  a  very  large  beat- 
ing surface.  The  water  in  the  boiler  stands  high  enough  to  cover  all 
the  tubes,  as  well  as  the  top  of  the  fire-box.  Its  level  is  indicated  in 
the  same  way  as  in  stationary  engines ;  and  water  is  puuiged  Id  irom 
the  tender  as  required;  its  amount  being  regulated  by  means  of  a 
stop-ceck  in  the  pipe  e'. 

The  steam  escapes  from  the  boiler  by  ascending  into  a  dome,  which 
forms  its  highest  part,  and  tbence  descending  the  tube  p,  this 
arrangement  being  adopted  in  order  to  free  the  steam  from  drops  of 
water.  It  then  passes  through  a  regulator  q,  which  can  be  opened 
to  a  greater  or  less  extent,  into  the  pipe  s,  which  leads  to  the  valve- 
chests  and  traverses  the  whole  length  of  the  boiler.     There  are  two 
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cylinders,  one  on  each  Bide  of  the  engine,  each  having  a  valve-chest 
and  slide-valve,  by  means  of  which  ateam  is  admitted  alternately 
before  and  behind  the  pistons.  The  steam  escapes  from  the  cylinder, 
througli  the  blast-pipe  v,  up  the  chimney,  and  thus  increases  the 
draught  of  the  fire,  a  is  one  of  the  pistons,  b  the  piston-rod,  cc'  the 
connecting-rod,  which  is  jointed  to  the  crank  d  on  the  axle  of  the 
driving-wheel  m.  The  cranks  of  the  two  driving-wlieels,  one  on  each 
aide  of  the  engine,  are  set  at  right  angles  to  each  other,  so  that,  when 
one  is  at  a  dead  point,  the  other  is  in  the  most  advantageous  position. 
w  is  a  spring  safety-valve,  and  J  the  steam- whistle. 

390.  Apparatus  for  BererBing:  Link-mctton. — The  method  usually 
employed    for   reversing   engines  is  known  as  Stephenson's  link- 


motion,  having  been  first  employed  in  locomotives  constructed  by 
Robert  Stephenson,  son  of  the  maker  of  the  "Rocket."  Tlie  merit 
of  the  invention  belongs  to  one  or  both  of  two  workmen  in  his 
employ— Williams,  a  draughtsman,  who  first  designed  it,  and  Howe, 
a  pattern-maker,  who,  being  employed  by  Williams  to  construct  a 
model  of  his  inventioQ,  introduced  some  important  improvements. 

The  link-motion,  which  is  represented  in  Fig.  330,  serves  two  pur- 
poses; first,  to  make  the  engine  travel  forwards  or  backwards  at 
pleasure;  and,  secondly,  to  regulate  the  amount  of  expansion  which 
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shall  take  place  in  the  cylinder.     Two  oppositely  placed  eccentrics, 
A  and  A',  have  their  connecting-rods  jointed  to  the  two  extremities 
of  the  link  B  B',  which  is  a  curved  bar,  having  a  slit,  of  uniform 
width,  extending  along  nearly  its  whole  length.     In  this  slit  travels 
a  stud  or  button  C.  forming  part  of  a  lever,  which  turns  about  a  fixed 
point  E.     The  end  D  of  the  lever  D£  is  jointed  to  the  connecting- 
rod  D  N,  which  moves  the  rod  P  of  the  slide-valve.     The  Knk  itself 
is  connected  with  an  arrangement  of  rods  LI  K  H,*  which  enables  the 
engine-driver  to  raige  or  lower  it  at  pleasure  by  means  of  the  handle 
GHF.     When  the  link  is  lowered  to  the  fullest  extent,  the  end  B 
of  the  connecting-rod,  driven  by  the  eccentric  A,  is  very  near  the 
runner  C  which  governs  the  movement  of  the  slide-valve ;  this  valve, 
accordingly,  which  can  only  move  in  a  straight  line,  obeys  the  eccen- 
tric A  almost  exclusively.     When  the  link  is  raised  as  much  as  pos- 
sible, the  slide-valve  obeys  the  other  eccentric  A',  and  this  change 
reverses  the  engine.     When  the  link  is  exactly  midway  between  tiie 
two  extreme  positions,  the  slide-valve  is  influenced  by  both  eccen- 
trics equally,  and  consequently  remains  nearly  stationary  in  its 
middle  position,  so  that  no  steam  is  admitted  to  the  cylinder,  and 
the  engine  stops.     By  keeping  the  link  near  the  middle  position, 
steam  is  admitted  during  only  a  small  part  of  the  stroke,  and  con- 
sequently undergoes  large  expansion.     By  moving  it  nearer  to  one 
of  its  extreme  positions,  the  travel  of  the  slide-valve  is  increased,  the 
ports  are  opened  wider  and  kept  open  longer,  and  the  engine  will 
accordingly  be  driven  faster,  but  with  less  expansion  of  the  steam. 
As  a  means  of  regulating  expansion,  the  link-motion  is  far  from  per- 
fect, but  its  general  advantages  are  such  that  it  has  come  into  very 
extensive  use,  not  only  for  locomotives  but  for  all  engines  which  need 
reversal. 

893.  Oas-engines. — This  name  includes  engines  in  which  work  is 
obtained  by  the  expansion  of  a  mixture  of  coal-gas  and  air,  on  igni- 
,  tion  or  explosion.  In  Lenoir's  engine  a  piston  is  driven  alternately 
in  opposite  directions  by  successive  ignitions  of  such  a  mixture  on 
opposite  sides  of  it,  the  proportions  of  gas  and  air  being  such  as  not 
to  yield  a  true  explosion. 

In  the  engine  of  Otto  and  Langen  (Fig.  331),  a  true  explosive 
mixture  is  introduced  beneath  the  piston,  and  is  exploded  by  means 

^  I  is  a  fixed  centre  of  motion,  and  the  rods  KI,  ML  are  rigidly  connected  at  rigfat 
angles  to  each  other.  M  is  a  heavy  piece,  serving  to  counterpoise  the  link  and  eccentric 
rods. 
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of  a  lighted  jet,  which  is  brought  into  contact  with  the  mixtnre  by 
means  of  a  hole  in  a  movable  plate  of  metal,  driven  by  an  eocentria 
The  upward  movement  of  the  piston  thus  produced  is  too  violent  to 
admit  of  being  directly  communicated  to  machinery.  The  piston-rod 
is  a  rack,  working  with  a  pinion,  which  is  so  mounted  that  it  can 
slip  round  on  the  shaft  when  the  piston  ascends,  but  carries  the  shaft 
with  it  when  it  turns  in  the  opposite  direction  during  the  descent  of 
the  piston,  this  descent  being  produced  by  the  pressure  of  the  atmo- 
sphere, as  the  steam  resulting  from  the  explosion  condenses,  and  the 
unexploded  gases  cool.  The  vessel  shown  on  the  right  contains  cold 
water,  which  is  employed  to  cool  the  cylinder  by  circulating  round 
the  lower  part  of  it.  The  quantity  of  water  required  for  this  purpose 
is  much  smaller,  and  the  consumption  of  gas  is  also  much  less,  than 
in  Lenoir  s  engine. 


CHAPTER    XXXIV. 
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894.  Temperature  of  the  Air. — By  the  temperature  of  a  place 
meteorologists  commonly  understand  the  tew/perature  of  the  air  at 
a  moderate  distance  (5  or  10  feet)  from  the  ground.  This  element  is 
easily  determined  when  there  is  much  wind ;  but  in  caJm  weather, 
and  especially  when  the  sun  is  shining  powerfully,  it  is  often  difficult 
to  avoid  the  disturbing  effect  of  radiation.  Thermometers  for 
observing  the  temperature  of  the  air  must  be  sheltered  from  rain 
and  sunshine,  but  exposed  to  a  free  circulation  of  air. 

395.  Mean  Temperature  of  a  Place. — The  mean  temperature  of  a 
day  is  obtained  by  making  numerous  observations  at  equal  intervals 
of  time  throughout  the  day  (24  hours),  and  dividing  the  sum  of  the 
observed  temperatures  by  their  number.  The  accuracy  of  the  deter- 
mination is  increased  by  increasing  the  number  of  observations ;  as 
the  mean  temperature,  properly  speaking,  is  the  mean  of  an  infinite 
number  of  temperatures  observed  at  infinitely  short  intervals. 

If  the  curve  of  temperature  for  the  day  is  given,  temperature  being 
represented  by  height  of  the  curve  above  a  horizontal  datum  line, 
the  mean  temperature  is  the  height  of  a  horizontal  line  which  gives 
and  takes  equal  areas;  or  is  the  height  of  the  middle  point  of  any 
straight  line  (terminated  by  the  extreme  ordinates  of  the  curve) 
which  gives  and  takes  equal  areas. 

Attempts  have  been  made  to  lay  down  rules  for  computing  the 
mean  temperature  of  a  day  from  two,  three,  or  four  observations  at 
stated  hours;  but  such  rules  are  of  very  limited  application,  owing  to 
the  different  character  Or  the  diurnal  variation  at  different  places; 
and  at  best  they  cannot  pretend  to  give  the  temperature  of  an 
individual  day,  but  merely  results  which  are  correct  in  the  long  run. 
Observations  at  9  A.M.  and  9  pm.  are  very  usual  in  this  country;  and 
the  half-sum  of  the  temperatures  at  these  hours  is  in  general  a  good 
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approximation  to  the  mean  temperature  of  the  day.  The  half-sum 
of  the  highest  and  the  lowest  temperature  in  the  day,  as  indicated 
by  maximum  and  minimum  thermometers,  is  often  adopted  as  the 
mean  temperature.  The  result  thus  obtained  is  usually  rather 
above  the  true  mean  temperature,  owing  to  the  circumstance  that 
the  extreme  heat  of  the  day  is  a  more  transient  phenomenon  than 
the  extreme  cold  of  the  night.  The  employment  of  self-registeriog 
thermometers  has,  however,  the  great  advantage  of  avoiding  errors 
arising  from  want  of  punctuality  in  the  observer.  The  correction 
which  is  to  be  added  or  subtracted  in  order  to  obtain  the  true  meao 
from  the  mean  of  two  obsei-vations  is  called  a  correction  for  diurnal 
range.  Its  amount  differs  for  different  places,  being  usually  greatest 
where  the  diurnal  range  itself  (§113)  is  greatest 

The  mean  temperature  of  a  calendar  moiUh  is  computed  by 
adding  the  mean  temperatures  of  the  days  which  compose  it^  and 
dividing  by  their  number. 

The  mean  temperature  of  a  year  is  usually  computed  by  adding 
the  mean  temperatures  of  the  calendar  months,  and  dividing  by 
1 2 ;  but  this  process  is  not  quite  accurate,  inasmuch  as  the  calendar 
months  are  of  unequal  length.  A  more  accurate  result  is  obtained  by 
adding  the  mean  temperatures  of  all  the  days  in  the  year,  and 
dividing  by  365  (or  in  leap-year  by  366). 

896.  Isothermals. — ^The  distribution  of  temperature  over  a  lai^ 
region  is  very  clearly  represented  by  drawing  upon  the  map  of  this 
region  a  series  of  isothermal  lines;  that  is,  lines  characterized  by  the 
property  that  all  places  on  the  same  lin£  have  the  same  temperature. 
These  lines  are  always  understood  to  refer  to  mean  annual  tempera- 
ture unless  the  contrary  is  stated;  but  isothermals  for  particular 
months,  especially  January  and  July,  are  frequently  traced,  one 
serving  to  show  the  distribution  of  temperature  in  winter,  and  the 
other  in  summer.  The  first  extensive  series  of  isothermals  was  drawn 
by  Humboldt  in  1817,  on  the  basis  of  a  large  number  of  observations 
collected  from  all  parts  of  the  world ;  and  the  additional  information 
which  has  since  been  collected  has  not  materially  altered  the  fonns 
of  the  lines  traced  by  him  upon  the  terrestrial  globe.  They  are  in 
many  places  inclined  at  a  very  considerable  angle  to  the  parallels  of 
latitude ;  and  nowhere  is  this  deviation  from  parallelism  more  obser- 
vable than  in  the  neighbourhood  of  Great  Britain,  Norway,  and  Ice- 
land— places  in  this  region  having  the  same  mean  annual  temper- 
ature as  places  in  Asia  or  America  lying  from  10°  to  20**  further  south. 
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399.  Insular  and  Continental  Climates. — The  difierence  between 
the  temperatures  of  summer  and  winter  is  greatest  in  the  interior  of 
large  continents,  and  smallest  in  small  islands  in  the  midst  of  the 
ocean;  large  masses  of  water  being  exceedingly  slow  in  changing 
their  temperature,  and  powerfully  contributing  to  prevent  extremes 
of  temperature  from  occurring  in  then:  neighbourhood.  It  is  common 
to  distinguish  in  this  sense  between  continental  climates  on  the  one 
hand  and  in^sular  or  marine  climates  on  the  other. 

Some  examples  of  both  kinds  are  given  in  the  following  table. 
Tlie  temperatures  are  Centigrade : — 


Faroe  Islands,  .     .     . 
Isle  of  Unst  (Shetland), 
Isle  of  Man,    .... 
Penzance,     .... 
Helfiton, 


Mabinb  Climates. 

Winter. 
8°-90 


I 


4  -06 

6  -59 

7  -04 
6   19 


Summer. 

ir-60 

11  -92 
15  -08 

15  -88 

16  -00 


Differenoe. 
7'*-70 

7  -87 
9  '49 

8  -79 
■    9  -81 


Continental  Climates. 


St.  Petersburg, 
Moscow, 
Kasan,   ^ 
Slatoast, 
Irkutsk, 
Jakoutsk,     . 


-  8''-70 

15*'-96 

24'-66 

- 10  -22 

17  -55 

27  -77 

- 18  -ee 

17  -35 

31  -01 

- 16  -49 

16  08 

32  -57 

-17  -88 

16  00 

33  -88 

-  38  -90 

17  -20 

56  10 

400.  Temperature  of  the  Soil  at  Different  Depths.~By  employing 
thermometere  with  their  bulbs  buried  in  the  earth,  and  their  stems 
projecting  above,  numerous  observations  have  been  made  of  the 
temperature  from  day  to  day  at  different  depths  from  1  inch  to  2  or 
3  feet ;  and  at  a  few  places  observations  of  the  same  kind  have  been 
made  by  means  of  gigantic  spirit-thermometers  with  exceedingly 
strong  bulbs,  at  depths  extending  to  about  25  feet.  It  is  found  that 
variations  depending  on  the  hour  of  the  day  are  scarcely  sensible  at 
the  depth  of  2  or  3  feet,  and  that  those  which  depend  on  the  time 
of  year  decrease  gradually  as  the  depth  increases,  but  still  remain 
sensible  at  the  depth  of  25  feet,  the  range  of  temperature  during  a 
year  at  this  depth  being  usually  about  2""  or  3°  Fahrenheit. 

It  is  also  found  that,  as  we  descend  from  the  surface,  the  seasons 
lag  more  and  more  behind  those  at  the  surface,  the  retardation  amount- 
ing usually  to  something  less  than  a  week  for  each  foot  of  descent; 
so  that,  at  the  depth  of  25  feet  in  these  latitudes,  the  lowest  tem- 
perature occurs  about  June,  and  the  highest  about  December. 

Theory  indicates  that  1  foot  of  descent  should  have  about  the  same 
effect  on  diurnal  variations  as  V365  that  is  19  feet  on  annual  varia- 
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tions ;  understanding  by  saraeneaa  of  effect  equal  absolute  amounta  of 
lagging  and  equal  ratios  of  diminution. 

As  the  annual  range  at  the  surface  in  Qreat  Britain  is  usually  about 
3  times  greater  than  the  diurnal  range,  it  follows  that  the  diurnal 
range  at  the  depth  of  a  foot  should  be  about  one-third  of  the  annual 
range  at  the  depth  of  19  feet 

.  The  variations  of  temperature  at  the  surface  are,  as  every  one 
knows,  of  a  very  irregular  kind ;  so  that  the  curve  of  surface  tem- 
perature for  any  particular  year  is  full  of  sinuosities  depending  on 
the  accidents  of  that  year.  The  deeper  we  go,  the  more  regular  does 
the  curve  become,  and  the  more  nearly  does  it  approach  to  the  char- 
acter of  a  simple  curve  of  sines,  whose  equation  can  be  written 

y  =  a  Bin.  or. 

Neglecting  the  departures  of  the  curve  from  this  simple  character, 
theory  indicates  that,  if  the  soil  be  uniform,  and  the  surface  plane, 
the  annual  range  (which  is  equal  to  2  a)  goes  on  diminishing  in  geo- 
metrical progression  as  the  depth  increases  in  arithmetical ;  and 
observation  shows  that,  if  10  feet  be  the  common  difference  of  depth, 
the  ratio  of  decrease  for  range  is  usually  about  J  or  J. 

To  find  a  range  of  a  tenth  of  a  degree  Fahrenheit,  we  must  go  to 
a  depth  of  from  50  to  80  feet  in  this  climate.  At  a  station  where 
the  surface  range  is  double  what  it  is  in  Qreat  Britain,  we  should 
find  a  range  of  about  two-tenths  of  a  degree  at  a  depth  and  in  a  soil 
wliich  would  here  give  one- tenth. 

These  remarks  show  that  the  phrase  "stratum  of  invariable  tem- 
perature," which  is  frequently  employed  to  denote  the  supposed  lower 
boundary  of  the  region  in  which  annual  range  is  sensible,  has  no 
precise  significance,  inasmuch  as  the  boundary  in  question  will  vary 
its  depth  according  to  the  sensitiveness  of  the  thermometer  employed. 

401.  Increase  of  Temperature  Downwards. — Observations  in  all 
parts  of  the  world  show  that  the  temperature  at  considerable  depths, 
such  as  are  attained  in  mining  and  boring,  is  much  above  the  surface 
temperature.  In  sinking  a  shaft  at  Rose  Bridge  Colliery,  near 
Wigan,  which  is  the  deepest  mine  in  Great  Britain,  the  temperature 
of  the  rock  was  found  to  be  94?°  R  at  the  depth  of  2440  feet  In 
cutting  the  Mont  C^nis  tunnel,  the  temperature  of  the  deepest  part. 
with  5280  feet  of  rock  overhead,  was  found  to  be  about  85°  F. 

Tlie  rate  of  increase  downwards  is  by  no  means  the  same  everj- 
where;  but  it  is  seldom  so  rapid  as  1"*  F.  in  40  feet,  or  so  slow  as  l"*  F. 
in  100  feet.     The  observations  at  Rose  Bridge  show  a  mean  rate  of 
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increase  of  about  1°  in  55  feet ;  and  this  is  about  the  average  of  the 
results  obtained  at  other  places. 

This  state  of  things  implies  a  continual  escape  of  heat  from  the 
interior  of  the  earth  by  conduction,  and  the  amount  of  this  loss  per 
annum  can  be  approximately  calculated  from  the  absolute  values  of 
conductivity  of  rock  which  we  have  given  in  Chap.  xxx. 

There  can  be  no  reasonable  doubt  that  the  decrease  of  temperature 
upwards  extends  to  the  very  surface,  when  we  confine  our  attention 
to  mean  annual  temperatures,  for  all  the  heat  that  is  conducted  up 
through  a  stratum  at  any  given  depth  must  also  traverse  all  the 
strata  above  it,  and  heat  can  only  be  conducted  from  a  wanner  to  a 
colder  stratum.  Professor  Forbes  found,  at  his  three  stations  near 
Edinburgh,  increases  of  1°'38,  0°-96,  and  0°*1 9  F.  in  mean  temperature, 
in  descending  through  about  22  feet,  that  is,  from  the  depth  of  3  to 
the  depth  of  24  French  feet.  The  mean  annual  temperature  of  the 
surface  of  the  ground  is  in  Great  Britain  a  little  superior  to  that  of 
the  air  above  it,  so  far  as  present  observations  show.  The  excess 
appears  to  average  about  I*'  F.  At  Trevandrum  in  India  the  excess 
is  in  the  same  direction,  and  amounts  to  5°  or  6"^  F. 

402.  Decrease  of  Temperature  Upwards  in  the  Air. — In  comparing 
the  mean  temperatures  of  places  in  the  same  neighbourhood  at  dif- 
ferent altitudes,  it  is  found  that  temperature  diminishes  as  height 
increases,  the  rate  of  decrease  for  Great  Britain,  as  regards  mean 
annual  temperature,  being  about  1°  F.  for  every  300  feet.  A  decrease 
of  temperature  upwards  is  also  usually  experienced  in  balloon  ascents, 
and  numerous  observations  have  been  taken  for  the  purpose  of  deter- 
mining its  rate.  Mr.  Glaisher*s  observations,  which  are  the  most 
numerous  as  well  as  the  most  recent,  show  that,  upon  the  whole,  the 
decrease  becomes  less  rapid  as  we  ascend  higher;  also,  that  it  is  less 
rapid  with  a  cloudy  than  with  a  clear  sky.  The  following  table 
exhibits  a  few  of  Mr.  Glaisher  s  averages : — 

Decrease  of  Temperature  Uywarda. 
Height  With  clear  sky.  Witli  oloady  sky 

From  0  to  1000  feet,     .     .     .      l**  F.  in  139  feet.  r  F.  in  222  feet 

From  0  to  10,000  ft.     .     .     .      V  F.  in  288  feet  1"  F.  jin  331  feet. 

From  0  to  20,000  ft.     .     .     .      1°  F.  in  365  feet  1°  F.  in  468  feet 

These  rates  may  be  taken  as  representing  the  general  law  of  decrease 

which  prevails  in  the  air  over  Great  Britain  in  the  daytime  during 

the  summer  lialf  of  the  year ;  but  the  results  obtained  on  difierent 

days  differ  widely,  and  alternations  of  increase  and  decrease  are  by 

Tio  means  uncommon  in  passing  upwards  through  successive  strata 

of  air.      Still  more  recent  observtitions  by   Mr.   Glaislier,   relating 

32 
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chiefly  to  the  firat  1000  feet  of  air,  show  that  the  law  varies  witli  the 
hour  of  the  day.  The  decrease  upwards  is  most  rapid  soon  after 
midday,  and  is  at  this  time,  and  during  daytime  generally,  more 
rapid  as  the  height  is  less.  About  sunset  there  is  a  uniform  decreaM 
at  all  heights  if  the  sky  is  clouded,  and  a  uniform  temperature  if  the 
sky  is  clear.  From  a  few  observations  which  have  been  taken  after 
sunset,  it  appears  that,  with  a  clear  sky,  there  is  an  increase  upwards 
at  night. 

That  an  extremely  low  temperature  exists  in  the  interplanetarj' 
spaces,  may  be  inferred  from  the  experimental  fact  recorded  by  Sir 
John  Herschel,  that  a  thermometer  with  its  bulb  in  the  focus  of  a 
reflector  of  sufficient  size  and  curvature  to  screen  it  from  lateral 
radiation,  falls  lower  when  the  axis  of  the  reflector  is  directed  upwards 
to  a  clear  sky  than  when  it  is  directed  either  to  a  cloud  or  to  the 
snow-clad  summits  of  the  Alps.  The  atmosphere  serves  as  a  protection 
against  radiation  to  these  cold  spaces,  and  it  is  not  surprising  that, 
as  we  increase  our  elevation,  and  thus  diminish  the  thickness  of  the 
coating  of  air  above  us,  the  protection  should  be  found  leas  complete. 

403.  Cooling  of  an  Ascending  Column  of  Air. — Whenever  a  body 
of  air  ascends,  it  expands,  in  consequence  of  the  diminution  of  pres- 
sure ;  and  the  work  which  it  does  in  expanding  consumes  a  portioii 
of  its  heat,  and  lowers  its  temperature.  In  like  manner,  when  air 
descends,  the  work  done  upon  it  in  compressing  it  raises  its  tempera- 
ture. The  amount  of  this  change  of  temperature  can  be  at  once 
inferred  from  §  34-7  A,  by  putting  t  =  1°  C,  a  =00366,  y3=41.  In 
fact,  a  compression  or  expansion  amounting  to  00366  of  the  volume 
which  the  air  would  occupy  at  zero,  alters  its  temperature  by  041"  C 
Co!isequently,  for  an  alteration  of  1°  C,  we  must  have  a  change  of 
volume  amounting  to  00893,  which,  in  conjunction  with  the  change 
of  temperature,  implies  a  change  of  pressure  amounting  to  '00893+ 

•00366= '01 26=  gQ  of  the  actual  pressure.     This  corresponds  to  an 

ascent  or  descent  through  gQ  of  the  height  of  a  homogeneous  atmo- 
sphere (§  111a),  that  is,  through  about  330  feet.  For  a  change  of 
r  F.,  the  required  height  will  be  183  feet  These  numbers  are  com- 
puted on  the  assumption  that  the  air  is  sufficiently  dry  to  behave  like 
a  permanent  gas.  If  ascending  air  contains  vapour  which  is  con- 
densed by  the  loss  of  heat,  this  condensation  greatly  retards  the  cool- 
ing ;  and  if  descending  air  contains  mist  which  is  dissi[iated  by  the 
gain  of  heat,  this  dissipation  retards  the  warming. 

It  is  obvious  that  the  ascent  of  warm  air  will  not  occur,  unless  the 
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actual  decrease  of  temperature  upwards  is  more  rapid  than  the  cool- 
ing due  to  ascent ;  for  air  will  not  rise  if  the  process  of  rising  would 
make  it  colder  and  heavier  than  the  air  through  which  it  would  have 
to  pass. 

404,  Causes  of  Winds. — The  influences  which  modify  the  direction 
and  intensity  of  winds  are  so  various  and  complicated  that  anything 
like  a  complete  account  of  them  can  only  find  a  place  in  treatises 
specially  devoted  to  that  subject.  There  is,  however,  one  fundamental 
principle  which  suffices  to  explain  the  origin  of  many  well-known 
winds.  This  principle  is  plainly  illustrated  by  the  following  experi- 
ment, due  to  Franklin.  A  door  between  two  rooms,  one  heated,  and 
the  other  cold  (in  winter),  is  opened,  and  two  candles  are  placed,  one 
at  the  top,  and  the  other  at  the  bottom  of  the  doorway.  It  is  found 
that  the  flame  of  the  lower  candle  is  blown  towards  the  heated  room, 
and  that  of  the  upper  candle  away  from  it 

From  this  experiment  we  can  deduce  the  following  general  prin- 
ciple:— When  two  Tieighbouring  regions  are  at  different  tempera- 
tures y  a  current  of  air  fioiua  from  the  warTner.to  tlie  colder  in  the 
upper  strata  of  the  atrnxysphere;  and  in  the  loiver  strata  a  current 
flows  from  the  colder  to  the  warmer.  We  proceed  to  apply  this  prin- 
ciple to  the  land  and  sea  breezes,  the  monsoons,  and  the  trade- winds. 
406.  Land  and  Sea  Breezes. — At  the  sea-side  during  calm  weather 
a  wind  is  generally  observed  to  spring  up  at  about  eight  or  nine  in 
the  morning,  blowing  from  the  sea,  and  increiising  in  force  until  about 
two  or  three  in  the  afternoon.  It  then  begins  gradually  to  die  away, 
and  shortly  before  sunset  disappears  altogether.  A  few  hours  after- 
wards, a  wind  springs  up  in  the  opposite  direction,  and  lasts  till 
nearly  sunrise.  These  winds,  which  are  called  the  sea-breeze  and 
land-breeze,  are  exceedingly  regular  in  their  occurrence,  though  they 
may  sometimes  be  masked  by  other  winds  blowing  at  the  same  tima 
Their  origin  is  very  easily  explained.  During  the  day  the  land  grows 
warmer  than  the  water ;  hence  there  results  a  wind  blowing  towards 
the  livarmer  region,  that  is,  towards  the  land  During  the  night  the 
land  and  sea  both  grow  colder,  but  the  former  more  rapidly  than  the 
latter;  and,  accordingly,  the  relative  temperatures  of  the  two  elements 
being  now  reversed,  a  breeze  blowing  from  the  land  towards  the  sea 
is  the  consequence. 

Monsoons. — The  same  cause  wliich,  on  a  small  scale,  produces  the 
diurnal  alternation  of  land  and  sea  breezes,  produces,  on  a  larger  scale, 
the  annual  alternation  of  monsoons  in  the  Indian  Ocean,  and  the 
seasonal  winds  w^hich  prevail  in  some  other  parts  of  the  world.     The 
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general  direction  of  these  winds  is  towards  continents  in  summer, 
and  away  from  them  in  winter. 

406.  Trade-winds:  Oeneral  Atmospheric  Circulation. — The  trade- 
winds  axe  winds  which  blow  constantly  from  a  north-easterly  quajter 
over  a  zone  of  the  northern  hemisphere  extending  from  a  little  north 
of  the  tropic  of  Cancer  to  within  9  or  10  degrees  of  the  equator;  and 
from  a  south-easterly  quarter  over  a  zone  of  the  southern  hemisphere 
extending  from  about  the  tropic  of  Capricorn  to  the  equator.  Their 
limits  vary  slightly  according  to  the  time  of  year,  changing  in  the 
same  direction  as  the  sun's  declination.  Between  them  is  a  zone 
some  5"*  or  6°  wide,  over  which  calms  and  variable  winds  prevail 

The  ckuse  of  the  trade-winds  was  first  pointed  out  by  Halley  the 
astronomer.  The  greater  power  of  the  sun  over  the  equatorial  regions 
causes  a  continual  ascent  of  heated  air  from  them.  This  flows  over 
to  both  sides  in  the  upper  regions  of  the  atmosphere,  and  its  place  is 
supplied  by  colder  air  flowing  in  from  both  sides  below.  If  the 
earth  were  at  rest,  we  should  thus  have  a  north  wind  sweeping  over 
the  earth's  surface  on  the  northern  side  of  the  equatorial  regions,  and 
a  south  wind  on  the  southern  sida  But,  in  virtue  of  the  earth's 
rotation,  all  points  on  the  earth's  surface  are  moving  from  west  to 
east,  with  velocities  proportional  to  their  distances  from  the  earth's 
axis.  This  velocity  is  nothing  at  the  poles,  and  increases  in  approach- 
ing the  equator.  Hence,  if  a  body  on  the  earth's  surface,  and  origi- 
nally at  rest  relatively  to  the  earth,  be  urged  by  a  force  acting  along 
a  meridian,  it  will  not  move  along  a  meridian,  but  will  outrun  the 
earth,  or  fall  behind  it,  according  as  its  original  rotational  velocity 
was  greater  or  less  than  those  of  the  places  to  which  it  comes.  That 
is  to  say,  it  will  have  a  relative  motion  from  the  west  if  it  he  approach- 
ing the  pole,  and  from  the  east  if  it  be  approaching  the  equator. 

This  would  be  true,  even  if  the  body  merely  tended  to  keep  its 
original  rotational  velocity  unchanged,  and  the  reasoning  becomes 
still  more  forcible  when  we  apply  the  principle  of  conservation  of 
angular  momentum  (§§  53  f,g),  in  virtue  of  which  the  body  tends 
to  increase^  its  absolute  rotational  velocity  in  approaching  the  pole, 
and  to  diminish  it  in  approaching  the  equator. 

Thus  the  currents  of  air  which  flow  in  from  both  sides  to  the 
equatorial  regions,  do  not  blow  from  due  north  and  due  south,  but 
from  north-east  and  south-east.  There  can  be  little  doubt  that,  not- 
withstanding the  variable  character  of  the  winds  in  the  temperate  and 
frigid  zones,  there  is,  upon  the  whole,  a  continual  interchange  of  air 

*  The  tendency  is  for  velocity  to  vai-y  inversely  as  distance  from  the  axis  of  rotation. 
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between  them  and  the  intertropical  regions,  brought  about  by  the 
permanent  excess  of  temperature  of  the  latter.  Such  an  interchange, 
when  considered  in  conjunction  with  the  difference  in  the  rotational 
velocities  of  these  regions,  implies  that  the  mass  of  air  over  an  equa- 
torial zone  some  50°  or  60°  wide,  must,  upon  the  whole,  have  a  rela- 
tive motion  jfrom  the  east ;  and  that  the  mass  of  air  over  all  the  rest 
of  the  earth  must,  upon  the  whole,  have  a  relative  motion  from  the 
west.  This  theoretical  conclusion  is  corroborated  by  the  distribution 
of  barometric  pressure.  The  barometer  stands  highest  at  the  two 
parallels  which,  according  to  this  theory,  form  the  boundaries  between 
easterly  and  westerly  winds,  while  at  the  equator  and  poles  it  stands 
low.  This  difference  may  be  accounted  for  by  the  excess  of  centri- 
fugal force  possessed  by  west  winds,  and  the  defect  of  centrifugal  force 
in  east  winds.  If  the  air  simply  turned  with  the  earth,  centrifugal 
force  combined  with  gravity  would  not  tend  to  produce  accumulation 
of  air  over  any  particular  zone,  the  ellipticity  of  the  earth  being  pre- 
cisely adapted  to  an  equable  distribution.  But  if  a  body  of  air  or 
other  fluid  is  moving  with  sensibly  different  rotational  velocity  from 
the  earth,  the  difference  in  centrifugal  force  will  give  a  tendency  to 
move  towards  the  equator,  or  from  it,  according  as  the  differential 
motion  is  from  the  west  or  from  the  east.  The  easterly  winds  over 
the  equatorial  zone  should  therefore  tend  to  remove  air  from  the 
equator  and  heap  it  up  at  the  limiting  parallels;  and  the  westerly 
winds  over  the  remainder  of  the  earth  should  tend  to  draw  air  away 
from  the  poles  and  heap  it  up  at  the  same  limiting  parallels.  This 
theoretical  consequence  exactly  agrees  with  the  following  table  of 
mean  barometric  heights  in  different  zones  given  by  Maury  :^ — 


North  Latitude.  Barometei. 

0°U>5° 29-915 

•    S^tolO'' 29-922 

10"  to  15** 29-964 

15°  to  20° 80-018 

20°  to  25" 30-081 

25°  to  30° 30-149 

30°  to  35° 30-210 

35°  to  40° 30-124 

40°  to  45° 30-077 

45°  to  50° 30-060 

51°  29' 29-99 

59°  51' 29-88 

78°  87' 29-769 


South  Latitude.  Barometer. 

0°to    5° 29-940 

5°  to  10° 29-981 

10°  to  15° 30-028 

15°  to  20° 30-060 

20°  to  25° 30-102 

25°  to  30° 30-095 

30°  to  36° 30-052 

4-2°  53'     ..'....  29-90 

45°    0' 29-66 

8' 29-47 

33' 29-50 

26' 29-35 

52' 29-36 

0' 29-11 

0' 2908 

0' 28-93 


49° 
61° 
54° 
55° 
60° 

m° 

74° 


'  Physical  GcograpJty  and  Meteorology  of  the  Sea,  p.  180,  art.  362,  edition  1860. 
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This  table  shows  that  the  barometric  height  f:Jls  off  regularly  on 
both  sides  from  the  two  limiting  zones  30''  to  35*"  N.  and  20°  to  25^  S., 
the  fall  continuing  towards  both  poles  as  far  as  the  observations 
extend,  and  continuing  inwards  to  a  central  minimum  between  0" 
and  5°  N.^ 

If  the  bottom  of  a  cylindrical  vessel  of  water  be  covered  with  saw- 
dust, and  the  water  made  to  rotate  by  stirring,  the  saw-dust  will  be 
drawn  away  from  the  edges,  and  heaped  up  in  the  middle,  thus 
showing  an  indraught  of  water  along  the  bottom  towards  the  r^on 
of  low  barometer  in  the  centre.  It  is  probable  that,  from  a  similar 
cause  (a  central  depression  due  to  centrifugal  force),  there  is  an 
indraught  of  air  along  the  earth's  surface  towards  the  poles,  under- 
neath the  primary  circulation  which  our  theory  supposes ;  the  diminu- 
tion of  velocity  by  friction  against  the  earth,  rendering  the  lowest 
portion  of  the  air  obedient  to  this  indraught,  which  the  upper  strata 
are  enabled  to  resist  by  the  centrifugal  force  of  their  more  rapid 
motion.  This,  according  to  Professor  James  Thomson,^  is  the  ex- 
planation of  the  prevalence  of  south-west  winds  in  the  north  tem- 
perate zone ;  their  southerly  component  being  due  to  the  barometric 
indraught  and  their  westerly  component  to  differential  velocity  of 
rotation.  The  indraught  which  also  exists  from  the  limiting  parallels 
to  the  region  of  low  barometer  at  the  equator,  coincides  with  the 
current  due  to  difference  of  temperature ;  and  this  coincidence  may 
be  a  main  reason  of  the  constancy  of  the  trade- winds. 

406a.  Origin  of  Cyclones. — In  the  northern  hemisphere  a  wind 
which  would  blow  towards  the  north  if  the  earth  were  at  rest,  does 
actually  blow  towards  the  north-east ;  and  a  wind  which  would  blow 
towards  the  south  blows  towards  the  south-west.  In  both  cases,  the 
earth's  rotation  introduces  a  component  towards  the  right  with 
reference  to  a  person  travelling  with  the  wind.  In  the  southern 
hemisphere  it  introduces  a  component  towards  the  left 

Again,  a  west  wind  has  an  excess  of  centrifugal  force  which  tends 
to  carry  it  towards  the  equator,  and  an  east  wind  has  a  tendency  to 
move  towards  the  pole ;  so  that  here  again,  in  the  northern  hemi- 
sphere the  deviation  is  in  both  cases  to  the  right,  and  in  the  southern 
hemisphere  to  the  left. 

^  The  explanation  here  given  of  the  accumulation  of  air  towards  the  limiting  puvUeU. 
as  due  to  excess  and  defect  of  centrifugal  force,  appears  to  have  been  first  publidted  by 
Mr.  W.  Ferrel,  a  gentleman  connected  with  the  American  Nautical  Almanack.  His  Isier 
treatise  (1860),  reprinted  from  vols.  i.  ii.  of  the  Afathematieal  Monthly ^  is  the  most  com- 
plete exposition  we  have  seen  of  the  theory  of  general  atmospheric  circulation. 

*  Brit.  Agsor.  Report,  1857. 
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We  have  thua  an  explanation  of  cyclonic  movements.  In  the 
uortbem  hemisphere,  if  a  sudden  diminution  of  pressure  occurs  over 
any  large  area,  the  air  all  round  for  a  considerable  distance  receives 
Hn  impetus  directed  towards  this  area.  But,  before  tbe  converging 
atreams  can  meet,  they  undergo  deviation,  each  to  its  own  right,  so 
that,  instead  of  arriving  at  their  common  centre,  they  blow  tangen- 
tially  to  a  closed  curve  surrounding  it,  and  thus  produce  an  eddy  ' 
from  right  to  left  with  respeet  to  a  person  standing  in  the  centre. 
This  is  the  universal  direction  of  cyclonic  rotation  in  the  northern 
hemisphere;  and  the  opposite 
rule  holds  for  the  southern 
hemisphere.  The  former  is 
opposite  to,  the  lattei'  the 
same  as  the  direction  of  motion 
of  the  hands  of  a  watch  lying 
with  its  face  up.  In  each  Cfuio 
the  luotioQ  is  opposite  to  the 
apparent  diurnal  motion  of  the 
sun  for  the  hemisphere  in  which 
it  occurs. 

407.  Anemometers. — Instru- 
ments for  measuring  either  the 
force  or  the  velocity  of  the  wind 
are  called  anemometffra.  Its 
force  is  usually  measured  by 
Osier's  anemometer,  in  which 
the  pressure  of  tlie  wind  ia 
received  upon  a  square  plate 

attached  to  one  end  of  a  apiral  Ffe-  ssi* — itohiaum'*  AnmonMier. 

spring  (with  its  axis  horizon- 
tal), which  yields  more  or  less  according  to  the  force  of  the  wind, 
and  transmits  its  motion  to  a  pencil  which  leaves  a  trace  upon 
paper  moved  by  clock-work.  It  seems  that  tbe  force  received  by 
the  plate  ia  not  rigorously  proportional  to  its  size,  and  that  a  plate 
a  ym-d  square  i-eceives  rather  more  than  9  times  the  pressure 
of  a  plate  a  foot  square.  The  anemometer  which  has  yielded  the 
most  satisfactory  results  is  that  invented  by  the  Rev.  Dr.  Robinson 
of  Armagh,  which  is  represented  in  Fig.  331  A,  and  which  indicates 
the  velocity  of  the  wind.  It  consists  of  four  hemispherical  cups 
attached  to  the  ends  of  equal  horizontal  arms,  forming  a  horizontal 
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cross,  which  turns  freely  about  a  vertical  axis.  By  means  of  an  end- 
less screw  carried  by  the  axis,  a  train  of  wheel- work  is  set  in  motion; 
and  the  indication  is  given  by  a  hand  which  moves  round  a  dial;  or, 
in  some  instruments,  by  several  hands  moving  round  different  dials 
like  those  of  a  gas-meter.  The  anemometer  can  also  be  made  to 
leave  a  continuous  record  on  paper,  for  which  purpose  various  con- 
trivances have  been  successfully  employed  It  was  calculated  by  the 
inventor,  and  confirmed  by  his  own  experiments  both  in  air  and 
water,  as  well  as  by  experiments  conducted  by  Prof..C.  Piazzi  Smyth 
at  Edinburgh,  and  more  recently  by  the  astronomer-royal  at  Green- 
wich, that  the  centre  of  each  cup  moves  with  a  velocity  which  is 
almost  exactly  one-third  of  that  of  the  wind.  This  is  the  only  velo- 
city-anemometer whose  indications  are  exactly  proportional  to  those, 
of  tlie  element  to  be  measured  Dr.  Whewell's  anemometer,  which 
resembles  a  small  windmill,  is  very  far  from  fulfilling  tliis  condition, 
its  variations  of  velocity  being  much  less  than  those  of  the  wind. 

The  direction  of  the  wind,  as  indicated  by  a  vane,  can  also  be  made 
to  leave  a  continuous  record  by  various  contrivances;  one  of  the 
most  common  being  a  pinion  carried  by  the  shaft  of  the  vane,  and 
driving  a  rack  which  carries  a  pencil  But  perhaps  the  neatest 
arrangement  for  this  purpose  is  a  large  screw  with  only  one  thread 
composed  of  a  metal  which  will  write  on  paper.  A  sheet  of  paper  is 
moved  by  clock-work  in  a  direction  perpendicular  to  the  axis  of  the 
screw,  and  is  pressed  against  the  thread,  touching  it  of  course  only 
in  one  point,  which  travels  parallel  to  the  axis  as  the  screw  tuzns, 
and  comes  back  to  its  original  place  after  one  revolution.  When  one 
end  of  the  thread  leaves  the  paper,  the  other  end  at  the  same  instant 
comes  on.  The  screw  turns  with  the  vane,  so  that  a  complete  revo- 
lution of  the  screw  corresponds  to  a  complete  revolution  of  the  wind. 
This  is  one  of  the  many  ingenious  contrivances  devised  and  executed 
by  Mr.  Beckley,  mechanical  assistant  in  Kew  Obsei-vatory. 
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The  accurate  method  of  treating  electrical  subjects  which  has  been 
established  in  this  country  by  Sir  Wm.  Thomson  and  his  coadjutors, 
has  not  yet  been  adopted  in  France ;  and  some  of  Faiaday's  electro- 
magnetic work  appears  to  be  still  very  imperfectly  appreciated  by 
French  writers.  The  Editor  has  accordingly  found  it  necessary  to 
recast  a  considerable  portion  of  the  present  volume,  besides  intro- 
ducing two  new  chaptei-s  (xxxix^.  and  XLi^.)  and  an  Appendix. 
Potential  and  lines  of  force  are  not  so  much  as  mentioned  in  the 
original. 

The  elements  of  the  theory  of  magnetism  have  been  based  on  Sir 
Wm.  Thomson's  papers  in  the  Philosophical  Tiunsojctions ;  and  the 
description  of  the  apparatus  used  in  magnetic  observatories  has 
been  drawn  from  the  recently  published  work  of  the  Astronomer 
Royal.  The  account  of  electrical  units  given  in  the  Appendix  is 
mainly  founded  on  the  Report  of  the  Electrical  Committee  of  the 
British  Association  for  the  year  1863. 

M.  Deschaners  descriptions  of  apparatus,  of  which  some  very 
elaborate  examples  occiu-  in  the  present  volume,  left  little  to  be 
desired  in  point  of  clearness.  In  no  instance  has  it  been  found 
necessary  to  resort  to  the  mere  verbal  rendering  of  unintelligible 
details. 


ERRATUM. 

In  Fig.  356  the  paper  annatures  are  wrongly  placed.  Their  broad  parte  should  be 
exactly  opposite  the  combB  P  P*,  and  their  points  //'  which  project  through  the  windows 
should  be  turned  the  opposite  way  to  that  represented  in  the  figure,  so  that  the  revolviDg 
plate  may  pass  them  before  it  passes  the  combs. 
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ELBCTBICITY. 


CHAPTER    XXXV. 

INTBODDCTOBT    PHENOMENA. 

408.  Fnndamental  Phenomena. — If  a  glass  tube  be  rubbed  with  a 
silk  handkerchief,  both  tube  and  rubber  being  very  dry,  the  tube 
will  be  found  to  have  acquired  the  property  of  attracting  light  bodies. 
If  the  part  nibbed  be  held  near  to  small  scraps  of  paper,  pieces  of 


cut  straw,  sawdust,  &c.,  tiiese  objects  will  move  to  the  tube;  6ome- 
times  they  remain  in  contact  with  it.  sometimes  they  are  alternately 
attracted  and  repelled,  the  intensity  as  well  as  the  duration  of  these 
effects  varying  according  to  the  amount  of  friction  to  which  the  tube 
has  been  subjected. 

Jf  the  tube  be  brought  near  the  foce,  the  result  is  a  sensation  similar 
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to  that  produced  by  the  contact  of  a  cobweb.  If  the  knuckle  be  held 
near  the  tube,  a  peculiar  crackling  noise  is  heard,  and  a  bright  spark 
passes  between  the  tube  and  knuckle.  The  tube  then  has  acquired 
peculiar  properties  by  the  application  of  friction.  It  is  said  to  be 
electrified,  and  the  name  of  electricity  is  given  to  the  agent  to  which 
the  various  phenomena  just  described  are  attributed. 

Glass  is  not  the  only  substance  which  can  be  electrified  by  fiiction; 
the  same  property  is  possessed  also  by  resin,  sulphur,  precious  stones, 
amber,  &;c.  The  Greek  name  of  this  last  substance  {fjikeKxpov)  is  tlie 
root  from  which  the  word  electricity  is  derived. 

At  first  sight  it  appears  that  this  property  of  becoming  electrifieil 
by  friction  is  not  common  to  all  bodies ;  for  if  a  bar  of  metal  be  held 
in  the  hand  and  rubbed  with  wool,  it  does  not  acquire  the  properties 


Fig.  333.— Electrification  of  a  Metal  by  Friction. 

of  an  electrified  body.  But  we  should  be  wrong  in  concluding  tliat 
metals  cannot  be  electrified  by  friction ;  for  if  the  bar  be  fitted  on  to 
a  glass  rod,  and,  while  held  by  this  handle,  be  struck  with  flannel  or 
catskin,  it  may  be  very  sensibly  electrified.  There  is  therefore  Jio 
basis  for  the  distinction  formerly  made  between  electrics  and  non- 
electrics,  that  is,  between  substances  capable  and  incapable  of  being 
electrified  by  friction ;  for  all  bodies,  as  far  as  at  present  known,  are 
capable  of  being  thus  excited.  There  is,  however,  an  important  dif- 
ference of  another  kind  between  them,  which  was  first  pointed  out 
by  Stephen  Grey  in  1729. 

409.  Conductors  and  Non-conductors. — In  certain  bodies,  such  as 
glass  and  resin,  electricity  does  not  spread  itself  beyond  the  parte  of 
the  surface  where  it  has  been  developed ;  while  in  other  bodies,  such 
as  metals,  the  electricity  developed  at  any  point  immediately  spreads 
itself  over  the  whole  body.  Thus,  in  the  last-mentioned  experiment, 
the  signs  of  electricity  are  immediately  manifested  at  the  end  of  the 
metal  bar  which  is  farthest  from  the  glass  rod,  if  the  end  next  the 
rod  be  submitted  to  friction.  Bodies  of  the  former  kind,  such  as 
glass,  resin,  &c.,  are  said  to  be  non-condvxitors.  MetaLs  are  said  to 
be  good  conductors.  A  non-conductor  is  often  called  an  insulator, 
and  a  conductor  supported  by  a  non-conductor  is  said  to  be  in- 
sulated. The  appropriateness  of  these  expressions  is  evident.  Ko 
substance  is  perfectly  non-conducting,  but  the  difference  in  conduct'- 
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ing  power  between  what  are  called  non-conductors  and  good  con- 
ductors, is  enormous.  The  following  are  lists  of  conductors  and 
non-conductors,  arranged,  at  least  approximately,  in  order  of  their 
conducting  powera  In  the  list  of  conductors,  the  best  conductors 
are  put  first;  in  the  list  of  non-conductors,  the  worst  conductors  (or 
best  insulatoi*s)  are  put  first. 


Conductors. 

AU  metals. 

Metallic  ores. 

Living  vegetables. 

Well- burned  charcoal. 

Animal  fluids. 

Flax. 

Plumbago. 

Sea  water. 

Hemp. 

Couoentrated  acida. 

Spring  water. 

Living  animals. 

Dilate  adds. 

Bain  water. 

Flame. 

Saline  solutions. 

Snow. 
Non-conductors. 

Moist  earth  and  stones. 

Shellac. 

Gems. 

Baked  wood. 

Amber. 

Ebonite. 

Porcelain. 

Besins. 

Gutta-percha. 

Marble. 

Sulphur. 

SUk. 

Camphor. 

Wax. 

Wool. 

Caoutchouc. 

Jet. 

Feathers. 

Chalk. 

Glass. 

Dry  paper. 

Lime. 

Mica. 

Parchment. 

Oils. 

Diamond. 

Leather. 

Metallic  oxides. 

The  human  body  is  a  good  conductor  of  electricity.  If  a  person 
standing  on  a  stool  with  glass  legs  be  struck  with  a  catskin,  he 
becomes  electrified  in  a  very  perceptible  degi'ee,  and  sparks  may  be 
drawn  from  any  part  of  his  body. 

When  an  insulated  and  electrified  conductor  is  allowed  to  touch 
another  conductor  insulated  but  not  electrified,  it  is  observed  that, 
after  the  contact,  both  bodies  possess  electrical  properties,  electricity 
having  been  communicated  to  the  second  body  at  the  expense  of  the 
first.  If  the  second  body  be  much  the  larger  of  the  two,  the  electri- 
city of  the  first  is  greatly  diminished,  and  may  become  quite  insen- 
sible. This  explains  the  disappearance  of  electricity  when  a  body  is 
put  in  connection  with  the  earth,  which,  together  with  njost  of  the 
objects  on  its  surface,  may  be  regarded  as  constituting  one  enormous 
conductor.  On  account  of  its  practically  inexhaustible  capacity  for 
furnishing. or  absorbing  electricity,  the  earth  is  often  called  the  com- 
77ian  reservoir. 

It  will  now  be  easily  understood  why  it  is  not  possible  to  electrify 
a  metal  rod  by  rubbing  it  while  it  is  held  in  the  hand ;  since  the 
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electricity,  as  fast  as  it  is  generated,  passes  off  through  the  body  into 
the  earth. 

Air,  when  thoroughly  dry,  is  an  excellent  insulator ;  and  electnfied 
conductor  exposed  to  it,  and  otherwise  insulated,  retain  their  chaise 
with  very  little  diminution  for  a  considerable  time.  Dampness  in 
the  air  is,  however,  a  great  obstacle  to  insulation,  partly  from  the 
impaired  insulating  power  of  the  air  itself,  and  still  more  from  ibe 
moisture  which  condenses  on  the  insulating  supports.  Electrical 
experiments  are  accordingly  very  difficult  to  perform  in  damp  wea- 
ther. The  difficulty  is  sometimes  met  by  employing  a  stove  to  heat 
the  air  in  the  neighbourhood  of  the  supports,  and  thus  diminish  its 
relative  humidity.  Sir  W.  Snow  Harris  employed  heating-irons, 
which  were  heated  in  a  fire,  and  then  fixed  near  the  insulating  sap- 
ports;  and  thus  succeeded  in  exhibiting  electrical  experiments  to  an 
audience  in  the  most  unfavourable  weather.  Sir  W.  Thomson,  by 
keeping  the  air  in  the  interior  of  his  electrometers  dry  by  means  of 
sulphuric  acid,  causes  tliem  to  retain  their  charge  with  only  a  small 
percentage  of  loss  in  twenty-four  hours.  Dry  firosty  days  are  the  best 
for  electrical  experiments,  and  next  perhaps  to  these,  is  the  season  of 
dry  cutting  winds  in  spring. 

410.  Duality  of  Eleotrioity. — The  elementary  phenomena  which  we 
have  mentioned  in  the  beginning  of  this  chapter  may  be  more  accu- 
rately studied  by  means  of  the  electric  pendulum,  which  consists  of  a 
pith-ball  suspended  by  a  silk  fibre  firom  an  insulated  support  When 
an  electrified  glass  rod  is  brought  near  the  insulated  ball,  the  latter 
is  attracted  ;  but  as  soon  as  it  touches  the  glass  tube,  the  attraction 
is  changed  to  repulsion,  which  lasts  as  long  as  the  ball  retains  the 
electricity  which  it  has  acquired  by  the  contact.  A  similar  experi- 
ment can  be  shown  by  employing,  instead  of  the  glass  tube,  «iy 
other  body  which  has  been  electrified  by  friction,  for  example,  a 
piece  of  resin  which  has  been  rubbed  with  flannel 

If,  while  the  pendulum  exhibits  repulsion  for  the  glass,  the  electri- 
fied resin  is  brought  near,  it  is  attracted  by  the  latter;  and  conversely, 
when  it  is  repelled  by  the  resin,  it  is  attracted  by  the  glass.  These 
phenomena  clearly  show  that  the  electricity  developed  on  the  resin 
is  not  of  the  same  kind  as  that  developed  on  the  glass.  They  exhibit 
opposite  forces  towards  any  third  electrified  body,  each  attracting  what 
the  other  repels.  They  have  accordingly  received  names  which  indi- 
cate opposition.  The  electricity  which  glass  acquires  when  nibbetl 
with  silk,  is  called  positive;  and  that  which  resin  acquires  by  friction 
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with  flannel,  negative.     TLe  former  is  also  called  vitreoue,  and  the 
latter  resinous.    On  repeating  the  experiment  with  other  substances. 


it  is  found  that  all  electrified  bodies  behave  either  like  the  glass  or 
like  the  resin. 

410a. — Without  making  any  assumption  as  to  what  electricity  is, 
we  may  speak  of  an  electiiBed  body  as  being  charged  with  electi-icity, 
and  we  may  compare  quantities  of  electricity  by  means  of  the  attrac- 
tions and  repulsions  exerted.  Bodies  oppositely  electrified  must  then 
be  spoken  of  as  charged  with  electricities  of  opposite  kind,  or  of 
opposite  sign ;  and  experiment  shows  that,  whenever  electricity  of 
the  one  kind  is  developed,  whether  by  friction  or  by  any  other  means, 
electricity  of  the  opposite  sign  is  always  developed  in  exactly  equal 
quantity.  If  a  conductor  receives  two  charges  of  electricity  of  equal 
quantity  but  opposite  sign,  it  is  found  to  exhibit  no  traces  of  eledtri- 
city  whatever. 

Electricities  of  like  sign  repel  one  anotlier  and  those  of  unlike 
siffn  attract  one  another. — The  magnitude  of  the  force  exerted  upon 
each  other  by  two  electrified  bodies,  is  not  altered  in  amount  by 
reversing  the  sign  of  the  electricity  of  one  or  both  of  them,  provided 
that  the  quantities  of  electricity,  and  their  distribution  over  the  two 
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bodies,  remain  unchanged.  If  the  sign  of  one  only  be  changed,  the 
mutual  force  is  simply  reversed,  and  if  the  signs  of  both  be  changed, 
the  force  is  not  changed  at  all. 

411. — The  simultaneous  development  of  both  kinds  of  electricity 
is  illustrated  by  the  following  experiment: — Two  persons  stand  on 
stools  with  glass  legs,  and  one  of  them  strikes  the  other  with  a  cat- 
skin.  Both  of  them  are  now  found  to  be  electrified,  the  striker  posi- 
tively, and  the  person  struck  negatively,  and  from  both  of  them 
sparks  may  be  drawn  by  presenting  the  knuckle. 

The  kind  of  electricity  which  a  body  obtains  by  friction  with 
another  body,  evidently  depends  on  the  nature  of  their  surfaces.  If, 
for  example,  we  take  two  discs,  one  of  glass,  and  the  other  of  metal, 
and,  holding  them  by  insulating  handles,  rub  them  briskly  together, 
we  shall  find  that  the  metal  becomes  negatively,  and  the  glass  posi- 
tively electrified;  but  if  the  metal  be  covered  with  a  catskin,  and  the 
experiment,  repeated,  it  will  be  the  glass  which  will  this  time  be 
negatively  electrified.  In  the  subjoined  list,  the  substances  are 
arranged  in  such  order  that,  generally  speaking,  each  of  them  be- 
comes positively  electrified  by  friction  with  those  which  follow  it, 
and  negatively  with  those  which  precede  it 

Fur  of  cat.  Feathers.  SOk. 

Polished  glass.  Wood.  Shellac. 

Woollen  stuffs.  Paper.  Bough  glass. 

411  A.  Hypotheses  regarding  the  Nature  of  Eleotrioity. — Two  theories 
regarding  the  nature  of  electricity  must  be  described  on  account  of 
the  historical  interest  attaching  to  them. 

The  tivo-fluid  theory,  originally  pi'opounded  by  Dufaye,  reduced 
to  a  more  exact  form  by  Symmer,  and  still  very  extensively  adopted, 
maintains  that  the  opposite  kinds  of  electricity  are  two  fluida  Posi- 
tive electricity  is  called  the  vitreous  fluid,  and  negative  electricity 
the  resinous  fluid.  Fluids  of  like  name  repel,  and  those  of  unlike 
name  attract  each  other.  The  union  of  equal  quantities  of  the  two 
fluids  constitutes  the  neutral  fluid  which  is  supposed  to  exist  in  very 
large  quantity  in  all  unelectrified  bodiea  When  a  body  is  electri- 
fied, it  gains  an  additional  quantity  of  the  one  fluid,  and  loses  an 
equal  quantity  of  the  other,  so  that  the  total  amount  of  electric  fluid 
in  a  body  is  never  changed ;  and  (as  a  consequence  of  this  last  con- 
dition) when  a  cuiTent  of  either  fluid  traverses  a  body  in  any  direc- 
tion, an  equal  current  of  the  other  fluid  traverses  it  in  the  opposite 
direction. 
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This  theory  is  in  complete  agreement  with  all  electrical  phenomena 
so  far  as  at  present  known ;  but  as  it  is  conceivable  that  the  two 
electricities,  instead  of  being  two  kinds  of  matter,  may  be  two  kinds 
of  motion,  or,  in  some  other  way,  may  be  opposite  states  of  one  and 
the  same  substance,  it  is  more  philosophical  to  avoid  the  assumption 
involved  in  speaking  of  two  electric  fiuids,  and  to  speak  rather  of 
two  opposite  electricities.  They  may  be  distinguished  indifferently 
by  the  names  vitreous  and  resinoics,  or  positive  and  negative. 

The  one-fluid  theory,  as  originally  propounded  by  Franklin,  main- 
tained the  existence  of  only  one  electric  fluid,  which  unelectrified 
bodies  possess  in  a  certain  normal  amount  A  positively  electrified 
body  has  more,  and  a  negatively  electrified  body  less  than  its  normal 
amount  The  particles  of  this  fluid  repel  one  another,  and  attract 
the  particles  of  other  kinds  of  matter,  at  all  distances.  uEpinus,  in 
developing  this  theory  more  accurately,  found  it  necessary  to  intro- 
duce the  additional  hypothesis  that  the  particles  of  matter  repel  one 
another.  Thus,  according  to  iEpinus,  the  absence  of  sensible  force 
between  two  bodies  in  the  neutral  condition,  is  due  to  the  equilibrium 
of  four  forces,  two  of  which  are  attractive,  and  the  other  two  repul- 
sive. Calling  the  two  bodies  A  and  B,  the  electricity  which  A  pos- 
sesses in  normal  amount,  is  repelled  by  the  electricity  of  B,  and 
attracted  by  the  matter  of  B.  The  matter  of  A  is  attracted  by  the 
electricity  of  B,  and  repelled  by  the  matter  of  B.  These  four  forces 
are  all  equal,  and  destroy  one  another;  but,  without  the  supplemen- 
tary hypothesis  of  iEpinus,  one  of  the  four  forces  is  wanting,  and  the 
equilibrium  is  not  easUy  explained.  To  reconcile  ^pinus  s  addition 
with  the  Newtonian  theory  of  gravitation,  it  is  necessary  to  suppose 
that  the  equality  between  the  four  forces  is  not  exact,  the  attractions 
being  greater  by  an  infinitesimal  amount  than  the  repulsions. 

The  one-fluid  theory  in  this  form  is,  like  the  two-fluid  theory,  con- 
sistent with  the  explanation  of  all  known  phenomena.  But  it  is  to 
be  remarked  that  there  is  no  sufficient  reason,  except  established 
usage,  for  deciding  which  of  the  two  opposite  electricities  should  be 
regarded  as  corresponding  to  an  excess  of  the  electric  fluid. 

Franklin  was  the  author  of  the  terms  positive  and  negative  to 
denote  the  two  opposite  kinds  of  electrification;  but  the  names  can 
legitimately  be  retained  without  accepting  the  one-fluid  theory, 
understanding  that  opposite  signs  imply  forces  in  opposite  directions, 
and  that  the  connection  between  the  positive  sign  and  the  forces 
exhibited  by  vitreous  electricity  is  merely  conventional. 
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411b. — In  speaking  of  electric  currents,  the  language  of  the  one- 
fluid  theory  is  almost  invariably  employed  Thus,  if  A  is  a  con- 
ductor charged  positively,  and  B  a  conductor  charged  n^atively; 
when  the  two  are  put  in  connection  by  a  wire,  we  say  that  the 
direction  of  the  current  is  from  A  to  B;  whereas  the  language  of  the 
two-fluid  theory  would  be,  that  a  current  of  vitreous  or  positive 
electricity  travels  from  A  to  B,  and  a  current  of  resinous  or  negative 
from  B  to  A 
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412.  Indaotion. — In  the  preceding  chapter  we  have  spoken  of  move- 
ments of  material  bodies  caused  by  electrical  attractions  and  repul- 
sions. We  have  now  to  treat  of  the  movement  of  electricity  itself 
in  obedience  to  the  attractions  or  repulsions  exerted  upon  it  by  other 
electricity.     This  kind  of  action  is  called  ivduction. 

It  may  be  illustrated  by  means  of  the  arrangement  shown  in  Fig. 
336.     The  apparatus  consists  of  a  sphere  C  which  is  electrified  posi- 
tively, suppose,  and  of 
a  conducting  insulated 
cylinder    A  B    placed 
near    it.      From    this 
latter  are  suspended  at 
equal  distances  a  few 
pairs     of    pith -balk. 
When     the     cylinder 
is    brought   near   the 
sphere^   the   balls  are 
observed    to    diverge. 
The  divergence  of  the 
different   pairs  is  not 

the  same,  but  goes  on  decreasing  from  the  pair  nearest  the  cylinder 
until  a  point  M  is  reached,  where  there  is  no  divergence.  Beyond 
this  the  divergence  goes  on  increasing.  The  neutral  point  M  does 
not  exactly  bisect  the  length  of  the  cylinder,  but  is  nearer  the  end 
A  than  the  end  B,  and  the  former  end  is  found  to  be  more  strongly 
electrified  than  the  latter. 

It  is  easy  to  show  that  the  two  ends  of  the  cylinder  are  charged 

with  opposite  kinds  of  electricity;  the  end  A  being  negatively,  and 
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the  end  B  positively  electrified.  We  have  only  to  bring  an  electrified 
stick  of  resin  near  the  pith-balls  at  A,  when  these  will  be  found  to 
be  repelled ;  if,  on  the  contrary,  it  be  held  near  those  at  B,  they  will 
be  attracted. 

The  explanation  is,  that  the  positive  electricity  with  which  C  is 
charged  attracts  the  negative  electricity  of  A B  to  the  end  A,  and 
repels  the  positive  to  the  end  B.  This  action  is  more  powerful  at  A 
than  at  B,  on  account  of  the  greater  proximity  of  the  influencing 
body,  and  for  the  same  reason  the  effect  falls  off  more  rapidly  in  the 
portion  AM  than  in  MB. 

If  the  cylinder  be  brought  closer  to  the  sphere,  the  divergence  of 
the  balls  increases ;  if  it  be  removed  farther  from  it,  the  divergence 
diminishea  Finally,  all  signs  of  electricity  disappear  if  the  sphere 
be  taken  away,  or  connected  with  the  earth. 

If,  while  the  cylinder  is  under  the  influence  of  the  electricity  of  C, 
the  end  B  is  connected  with  the  earth,  the  pith-balls  at  this  end 
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Fig.  337. — SuooeasiTe  Induction. 


immediately  collapse,  while  the  divergence  of  those  at  A  increases. 
The  explanation  is  that  the  electricity  which  was  repelled  to  the  end 
B  escapes  to  the  earth,  and  thus  affords  an  opportunity  for  a  &esh 
exercise  of  induction  on  the  part  of  the  sphere,  which  increases  the 
accumulation  of  negative  electricity  at  A  We  may  also  remark  that 
the  whole  of  the  cylinder  is  now  negatively  electrified,  the  neutral 
line  being  pushed  back  to  the  earth.  If  the  earth-connection  be 
now  broken,  and  the  sphere  C  be  then  removed,  the  cylinder  will 
remain  negatively  electrified,  and  will  be  in  the  same  condition  as  if 
it  had  been  touched  by  a  negatively-electrified  body.     This  mode 
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of  giviDg  a  charge  to  a  conductor  is  called  charging  by  inductiorty 
and  the  charge  thus  given  is  always  opposite  to  that  of  the  inducing 
body  C. 

If  a  series  of  such  conductors  as  A  B  be  placed  in  line,  without 
contact,  and  the  positively-electrified  body  C  be  placed  opposite  to 
one  end  of  the  series,  all  the  conductors  will  be  affected  in  the  same 
manner  as  the  single  conductor  in  the  last  experiment.  They  will 
aU  be  charged  with  negative  electricity  at  the  end  next  C,  and  with 
positive  electricity  at  the  remote  end,  the  effect,  however,  becoming 
feebler  as  we  advance  in  the  series.  In  this  experiment  each  of  the 
conductors  acts  inductively  upon  those  next  it;  for  example,  if  there 
be  two  conductors  AB,  A'B',  as  in  Fig.  337,  the  development  of 
electricity  at  A'  and  B'  is  mainly  due  to  the  action  of  the  positive 
electricity  in  MB.  K  the  conductor  AB  be  removed,  the  pith-balls 
at  A'  and  B'  will  diminish  their  divergence. 

The  molecules  of  a  body  may  be  regarded  as  such  a  series  of  con- 
ductors, or  rather  as  a  number  of  such  series.  When  an  electrified 
body  is  brought  near  it,  each  molecule  may  thus  become  positive  on 
one  side  and  negative  on  the  other.  In  the  case  of  good  conductors, 
this  polarization  is  only  instantaneous,  being  destroyed  by  the  dis- 
charge of  electricity  from  particle  to  particle.  Good  insulators. are 
substances  which  are  able  to  resist  this  tendency  to  discharge,  and 
to  maintain  a  high  degree  of  polarization  for  a  great  length  of  time. 
This  is  Faraday's  theory  of  "  induction  by  contiguous  particles." 

413.  Electrical  Attraction  and  Bepulsion. — The  attraction  which  is 
observed  when  an  electrified  is  brought  near  to  an  unelectrified  body, 
is  dependent  upon  induction.     Suppose,  for 
instance,  that  a  body  C,  which  is  positively 
electrified,  is  brought  near  to  an  insulated  and 
uncharged  pith-baU.     Negative  electricity  is 
induced  on  the  near  side  of  the  pith-ball,  and      ^#  ^^  ^^y  ^f1 
an  equal  quantity  of  positive  on  the  further 
side.    The  former,  being  nearer  to  the  body  C,  Fig.  338.-Biectricai  Attraction. 
is  more  strongly  attracted  than  the  other  is 
repelled.     The  ball  is  therefore  upon  the  whole  attracted. 

If  the  pith-ball,  instead  of  being  insulated,  is  suspended  by  a  con- 
ducting thread  from  a  support  connected  with  the  earth,  it  will  be 
more  strongly  attracted  than  before,  as  it  is  now  entirely  charged 
with  negative  electricity. 

In  the  case  of  any  insulated  conductor,  the  algebraic  sum  of  the 
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felectricities  induced  upon  it  by  the  presence  of  a  neighbouring  elec- 
trified body  must  be  zero.  If  the  pith-ball  be  insulated,  and  have 
an  independent  charge  of  either  kind  of  electricity,  the  total  force 
exerted  on  the  pith-ball  is  the  algebraic  sum*  of  the  two  following 
quantities : — 

(1)  The  force  which  the  ball  would  experience,  if  it  had  no 
independent  charge.  This  force,  as  we  have  just  seen,  is  always 
attractive. 

(2)  The  force  due  to  the  independent  charge  when  distributed  over 
the  ball  as  it  would  be  if  C  were  removed.  This  second  force  is 
attractive  or  repulsive,  according  as  the  independent  charge  is  of 
unlike  or  like  sign  to  that  of  C.  In  the  latter  case,  repulsion  will 
generally  be  observed  at  distances  exceeding  a  certain  limit  and 
attraction  at  nearer  distances,  the  reason  being  that  the  force  (1)  due 
to  the  induced  distribution  increases  more  rapidly  than  the  other  as 
the  distance  is  diminished. 

It  is  important  to  remember  this  in  testing,  by  the  electric  pen- 
dulum, or  by  any  other  electroscope,  the  kind  of  electricity  with 
which  a  body  is  charged.  In  bringing  the  body  towards  the  elec- 
troscope, the  first  movement  produced  is  that  which  is  to  be  observed, 
and  repulsion  is  in  general  a  more  reliable  test  of  kind  of  electricity 
than  attraction. 

416.  Electroscopes. — An  electroscope  is  an  apparatus  for  detecting 
the  presence  of  electricity,  and  determining  its  sign.  The  insulated 
electric  pendulum  is  an  electroscope.  If  the  pith- ball,  when  itself 
uncharged,  is  attracted  by  a  body  brought  near  it,  we  know  that  the 
body  is  electrified.  To  determine  the  kind  of  electricity,  the  body 
is  aUowed  to  touch  the  pith-ball,  which  is  then  repelled  At  this 
moment  an  excited  glass  tube  is  brought  near.  If  it  repels  the  ball, 
this  latter,  as  well  as  the  body  which  touched  it,  must  be  electrified 
positively.  If  the  glass  tube  attracts  it,  or,  still  more  decisively,  if 
excited  resin  or  sealing-wax  repels  it,  the  ball  and  the  body  which 
touched  it  are  electrified  negatively.  The  loss  of  electricity  from  the 
pith-ball  is  often  so  rapid  as  to  render  this  test  of  sign  somewhat 
uncertain. 

Th^  gold-leaf  electroscope  (Fig.  339)  is  constructed  as  follows:— 

^  We  here  suppose  C  to  be  a  non-conductor,  so  that  the  distribution  ef  its  electricity  is 
not  aflfected  by  the  presence  of  the  pith-ball.  If  G  be  a  conductor,  the  effect  of  indoctioQ 
upon  it  will  be  to  favour  attraction,  so  that  an  attractive  force  must  be  added  to  the  two 
foroes  specified  in  the  text. 
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Fig.  3d9.~-Gold-leaf  Eleotroscope. 


Two  small  gold-leaves  are  attached  to  the  lower  end  of  a  metallic 
rod,  which  passes  through  an  opening  in  the  top  of  a  bell-glass,  and 
terminates  in  a  ball.  The  metallic  rod  is  sometimes,  for  the  sake  of 
better  insulation,  inclosed  in  a  glass  tube  secured  by  sealing-wax  or 
some  other  non-conducting  cement,, 
and,  for  the  same  purpose,  the  upper 
part  of  the  bell-glass  is  often  varnished 
with  shellac,  which  is  less  apt  than 
glass  to  acquire  a  deposit  of  moisture 
from  the  air.  The  bell-glass  is  attached 
below  to  a  metallic  base,  which  ex- 
cludes the  external  air.  For  the  gold- 
leaves  are  sometimes  substituted  two 
straws,  or  two  pith-balls  suspended 
by  linen  threads;  we  have  thus  the 
straw-eUctroacope  and  the  pith-hall 
electroscope. 

To  test  whether  a  body  is  electri- 
fied, it  is  brought  near  the  ball  at 
the  top  of  the  electroscope.  The  like 
electricity  is  repelled  into  the  leaves, 

and  makes  them  diverge,  while  the  unlike  is  attracted  into  the 
ball  The  sign  of  the  body's  charge  may  be  determined  in  the 
following  manner: — While  the  leaves  are  divergent  under  the  in- 
fluence of  the  body,  the  operator  touches  the  ball  with  his  finger. 
This  causes  the  leaves  to  collapse,  and  gives  to  the  insulated  con- 
ductor composed  of  leaves,  rod,  and  ball,  a  charge  opposite  to  that 
of  the  influencing  body.  The  finger  must  be  removed  while  the 
influencing  body  remains  in  position,  as  the  amount  of  the  induced 
charge  depends  upon  the  position  of  the  influencing  body  at  the 
instant  of  breaking  connection.  On  now  withdrawing  the  influencing 
body,  the  charge  of  unlike  electricity  is  no  longer  attracted  to  the 
ball,  but  spreads  over  the  whole  of  the  conductor,  and  causes  the 
leaves  to  diverge.  If,  while  this  divergence  continues,  an  excited 
glass  tube,  when  gradually  brought  towards  the  ball,  diminishes  the 
divergence,  we  know  that  the  body  in  question  was  electrified  posi- 
tively. If  it  increases  the  divergence,  the  body  was  electrified  nega- 
tively. 

Great  caution  must  be  used  in  bringing  electrified  bodies  near  the 
gold-leaf  electroscope,  as  the  leaves  are  very  apt  to  be  ruptured  by 
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quick  movements.  K  they  diverge  so  widely  as  to  touch  the 
of  the  bell-glass,  it  is  often  difficult  to  detach  them  from  the  glass 
without  tearing.  To  prevent  this  contact,  two  metallic  columns  are 
interposed,  communicating  with  the  ground-  If  the  leaves  diverge 
too  widely,  they  touch  these  columns  and  lose  their  electricity. 


CHAPTER    XXXVII. 


HEASUBEHENT  OF  ELECTBICAL   FOBCEa 


416.  Coulomb's  Torsion-balance. — Coulomb,  wlio  was  the  first  to 
make  electricity  an  accurate  science,  employed  in  hia  researches  an 
instrument  which  is  often  called  after  his  name,  and  which  is  still 
extensively  employed.  It  depends  on  the  principle  that  the  torsion 
of  a  wire  is  simply  proportional  to  the  twisting  couple.  We  shall 
first  describe  it,  and  then  point  out  some  of  its  applications. 

It  consists  of  a  cylindrical  glass 
case  AA  (Fig.  340),  from  the  upper 
end  B  of  which  rises  another  glass 
cylinder  DD  of  much  smaller  dia- 
meter. This  small  cylinder  is  fitted 
at  the  top  with  a  brass  cap  a,  carry- 
ing an  index  C-  Outside  of  this, 
and  capable  of  turning  round  it,  is 
another  cap  b,  the  top  of  which  is 
divided  into  360  equal  parts.  In 
the  centre  of  the  cap  b  is  an  opening 
through  which  passes  a  small  metal 
cylinder  d,  capable  of  turning  in 
the  opening  with  moderate  fric- 
tion, and  having  at  its  lower  end 
a  notch  or  slit     When  the  cap  b 

is  turned,  the  cylinder  d  turns  with  p;g.  Mo—Oonionib'i  Tonion-b^anas. 

it;    but    the    latter  can   also   be 

turned  separately,  so  as  not  io  change  the  reading.  These  parts  com- 
pose the  toraioTi'head.  A  very  fine  metallic  wire  is  held  by  the  notch, 
and  supports  a  small  piece  of  metal,  through  which  passes  a  light 
needle  of  shellac  /  carrying  at  one  end  a  small  gilt  ball  g.    A  circular 
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scale  runs  round  the  outside  of  the  large  cylinder  in  the  plane  of  the 
needle.  Finally,  opposite  the  zero  of  this  scale,  there  is  a  fixed  ball  g' 
of  some  conducting  material,  supported  by  a  rod  /  of  shellac,  which 
passes  through  a  hole  in  the  cover  of  the  cylindrical  case. 

417.  Laws  of  Electric  Repulsion. — To  illustrate  the  mode  of  em- 
ploying this  apparatus  for  electrical  measurements,  we  shall  explain 
the  course  followed  by  Coulomb  in  investigating  the  law  according 
to  which  electrical  repulsions  and  attractions  vary  with  the  dist4uioe. 
The  index  is  set  to  the  zero  of  the  scale.  The  inner  cylinder  i  is 
then  turned,  until  the  movable  ball  just  touches  the  fixed  ball  without 
any  torsion  of  the  wire.  The  fixed  ball  is  then  taken  out,  placed 
in  communication  with  an  electrified  body,  and  replaced  in  the 
apparatus  The  electricity  with  which  it  is  charged  is  commu- 
nicated to  the  movable  ball,  and  causes  the  repulsion  of  this  latter 
through  a  number  of  degrees  indicated  by  the  scale  which  surrounds 
the  case.  In  this  position  the  force  of  repulsion  is  in  equilibriom 
with  the  force  of  torsion  tending  to  bring  back  the  ball  to  its  original 
position.  The  graduated  cap  b  is  then  turned  so  as  to  oppose  the 
repulsion.  The  movable  ball  is  thus  brought  neai'er  to  the  fixed 
ball,  and  at  the  same  time  the  amount  of  torsion  in  the  wire  is 
increased.  By  repeating  this  process,  we  obtain  a  number  of  dif- 
ferent positions  in  which  repulsion  is  balanced  by  torsion.  But 
we  know,  from  the  laws  of  elasticity,  that  the  force  (strictly  the 
couple^)  of  torsion  is  proportional  to  the  angle  of  torsion.  Hence  we 
have  only  to  compare  the  total  amounts  of  torsion  with  the  distances 
of  the  two  balls.  By  such  comparisons  Coulomb  found  that  the  force 
of  electrical  repulsion  varies  inversely  as  the  square  of  the  distanct 

The  following  are  the  actual  numbers  obtained  in  one  of  the 
experimenta  The  original  deviation  of  the  movable  ball  being  36^, 
it  was  found  that,  in  order  to  reduce  this  distance  to  IS"*,  it  was 
necessary  to  turn  the  head  through  1 26°,  and,  for  a  farther  redaction 
of  the  deviation  to  8°-5,  an  additional  rotation  through  441°  was 
required.  It  will  thus  be  perceived  that  at  the  distances  of  36°,  18", 
and  8°o,  which  may  be  practically  considered  as  in  the  ratio  of  I,  i, 
and  J,  the  forces  of  repulsion  were  equilibrated  by  torsions  of  36^, 

^  The  repulsive  force  on  the  movable  ball  is  equivalent  to  an  equal  and  parallel  hrcs 
acting  at  tiiie  centre  of  the  needle  (the  point  of  attachment  of  the  wire),  and  a  couple  whose 
arm  is  the  perpendicular  from  this  centre  on  the  line  joining  the  balls.  This  coui^e  must 
be  equal  to  the  couple  of  torsion.  The  other  component  produces  a  small  deviation  of  tbe 
suspending  wire  from  the  vertical. 
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126*^+18"=  144",  and  441  +126  +  8-5  =  575°-5  respectively.  Now  144 
is  36x4,  and  575 -6  may  be  considered  as  576,  or  36x16.  Hence 
we  perceive  that,  as  the  distance  is  divided  by  2,  or  by  4,  the  force 
of  repulsion  is  multiplied  by  4  or  by  16,  which  precisely  agrees  with 
the  law  enunciated  above. 

418.  Equation  of  Equilibrium. — We  must,  however,  observe  that 
in  this  mode  of  reducing  the  obser- 
vations two  inaccurate  assumptions 
'  are  made.  First,  the  distance,  be- 
tween the  balls  is  regarded  as  being 
equal  to  the  arc  which  lies  between 
them,  whereas  it  is  really  the  chord 
of  that  ara  Secondly,  the  force 
of  repulsion  is  regarded  as  acting 
always  at  the  same  arm,  whereas 
its  arm,  being  the   perpendicular  Fig.  341. 

from  the  centre  on  the  chord,  dimi- 
nishes as  the  distance  increases.    The  following  investigation  is  more 
rigorous. 

Let  A  OB  (Fig.  341),  the  angular  distance  of  the  balls,  be  denoted 
by  o,  and  let  I  be  the  length  of  the  radius  OA.  Then  the  chord 
AB  is  2Z  sin  ^  a,  and  the  arm  OK  is  Z  cos  \  a  Let  /  denote  the 
force  of  repulsion  at  unit  distance,  and  n  the  couple  of  torsion  for  1°. 

Then  the  force  of  repulsion  in  the  given  position  is  4^2     a-r-  if  the 

law  of  inverse  squares  be  true,  and  the  moment  of  this  about  the 

centre  is  "f/^a  t~>  which  must  be  equal  to  ?i A,  if  A  be  the  number 

of  degrees  of  torsion.     Hence  we  have 

-TTTT  =  A  sin  -I  a  tan  \  o, 

and  as  the  first  member  of  this  equation  is  constant,  the  second  mem- 
ber must  be  constant  also  for  different  values  of  A  and  a,  if  the  law 
of  inverse  squares  be  true.  The  degree  of  constancy  is  shown  by  the 
following  table : — 

a  A      A  sin  J  a  tan  J  a 

let  experiment, 36  36  3'614 

2d  experiment, 18  144  3*568 

3d  experiment, 8*5  575*6  3-169 

Supposed  case, 9  576  3*557 

The  difference  between  the  first  and  second  numbers  of  the  last 
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column  is  insignificant  That  between  the  second  and  third  is  more 
considerable,^  but  in  reality  only  corresponds  to  an  error  of  half  a 
degree  in  the  measurement  of  the  ara 

419.  Case  of  Attraction. — The  law  of  attractions  may  be  investigated 
by  a  similar  method.  The  index  is  set  to  zero,  and  the  central  piece 
is  turned  so  as  to  place  the  movable  ball  at  a  known  distance  from 
the  fixed  ball.  The  two  balls  are  then  charged  with  electricity  of 
different  kinds.  The  mpvable  ball  is  accordingly  attracted  towards 
the  other,  and  settles  in  a  position  in  .which  attraction  is  balanced  by 
torsion.  By  altering  the  amount  of  torsion,  different  positions  of  the 
ball  can  be  obtained.  On  comparing  the  distances  with  the  corre- 
sponding torsions,  it  is  found  that  the  same  law  holds  as  in  the  case 
of  repulsion.  The  experiment,  however,  is  difficult,  and  is  only  pos- 
sible when  the  balls  are  very  feebly  electrified.  To  prevent  the 
contact  of  the  two  balls,  Coulomb  fixed  a  silk  thread  in  the  instru- 
ment, so  as  to  stop  the  course  of  the  movable  balL 

420.  Law  of  Attraction  and  Repulsion  as  depending  on  Amount  of 
Charge. — We  may  assume  as  evident,  that  when  an  electrified  ball 
is  placed  in  contact  with  a  precisely  equal  and  similar  ball,  the  charge 
will  be  divided  equally  between  them,  so  that  the  first  wiU  retain 
only  half  the  charge  which  it  had  before  contact! 

Suppose  that  an  observation  on  repulsion  hasi  just  been  made  with 
the  torsion-balance,  and  that  we  touch  the  fix^  ball  with  another 
exactly  equal  insulated  ball,  which  we  then  remove.  It  will  be 
found  that  the  amount  of  torsion  requisite  for  keeping  the  movable 
ball  in  its  observed  position  is  just  half  what  it  was  before.     The 

^  We  have  already  seen  that  the  mutual  induction  of  two  cDnducton  tends  to  Hitir»'nwt|t 
their  mutual  repulsion,  and  that  this  inductive  action  becomes  more  important  as  the  distance 
is  diminished.  Hence  the  repulsion  at  distance  9  should  be  less  than,  a  quarter  of  that  at 
distance  18.     The  apparent  error  thus  confirms  the  law. 

Many  persons  have  adduced,  as  tending  to  overthrow  Coul(^mb*s  law  of  inverse  squaree^ 
experimental  results  which  really  confirm  it.  Except  when  the  dimendons  of  the  charged 
bodies  are  very  small  in  compuison  with  the  distance,  the  observed  attraction  or  repulsioti 
is  the  resultant  of  an  infinite  number  of  forces  acting  along  lines  drawn  from  the  difierent 
points  of  the  one  body  to  the  different  points  of  the  other.  The  law  of  inverse  sqtiaxvs 
applies  directly  to  these  several  components,  and  not  to  the  resultant  which  they  yield.  The 
latter  can  only  be  computed  by  elaborate  mathematical  processes. 

It  is  incorrectly  assumed  in  the  text  that  the  law  ought  to  apply  directly  to  two  spheres, 
when  by  their  distance  we  understand  the  distance  between  their  nearest  points.  It  is  not 
obvious  that  the  distance  of  the  nearest  points  should  give  a  better  result  than  the  '^'•t^nffft 
between  the  centres. 

The  strongest  evidence  for  the  rigorous  exactness  of  the  law  of  inverse  squares  is  indirect; 
see  §  421  o. 
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same  result  will  be  obtained  by  touching  the  movable  ball  with  a 
ball  of  its  own  size.  We  conclude  that,  if  the  charge  of  either  body 
be  altered,  the  attractive  or  repulsive  force  between  the  bodies  at 
given  distance  will  be  altered  in  the  same  ratio.  Tlie  law  is  not 
rigorously  true  for  bodies  of  finite  size,  unless  the  distribution  of  tlie 
electricity  on  the  two  bodies  remains  unchanged.  When  the  two 
bodies  are  very  small  in  all  their  dimensions  in  comparison  with 
the  distance  between  them,  their  mutual  force  ia  represented  by  the 
expression 

2?; 

Df 
q  and   ^  denoting   their  charges,  and   B   the   distance.      If   this 
expression  has  the  positive  sign,  the  force  is  repulsive,  if  negative, 
attractive. 

4S1.  Klectricity  resides  on  the  Surface. — Electricity  (subject  to  the 


Fig.  S4i.— Blot'i  1 


exceptions  mentioned  below)  resides  exclusively  on  the  external 
surface  of  a  conductor.  This  is  perhaps  implied  in  the  experimental 
fact  frequently  observed  by  Coulomb,  that  when  a  solid  and  a  hollow 
sphere  of  equal  external  diameter  are  allowed  to  touch  each  other, 
any  charge  possessed  by  either  is  divided  equally  between  them.     A 
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direct  demoDstiation  is  afforded  by  the  following  experiment  of 
Biot:— 

We  take  an  insulated  sphere  of  metal,  charge  it  with  electiicit;, 
and  cover  it  with  two  hemispheres  furnished  with  insulating  handles, 
which  fit  the  sphere  exactly  (Fig.  3-12).  If  the  two  hemispheres  be 
quickly  removed,  and  presented  to  an  electric  pendulum,  they  will 
be  found  to  be  electrified,  while  the  sphere  itself  will  show  hardl; 
any  traces  of  electricity.  We  must,  however,  remark  that  this 
experiment  ia  rarely  successful,  and  that  generally  the  sphere  remiuns 
very  sensibly  electrified.  The  reason  of  this  is,  that  it  is  very  difficult 
to  remove  the  hemispheres  so  steadily,  as  not  to  permit  their  edges 
to  touch  the  sphere  after  the  first  separation. 

The  following  is  a  much  surer  form  of  the  experiment: — 
A  hollow  insulated  sphere,  with  an  orifice  in  the  top,  is  charged 
with  electricity  {Fig, 
343).  A  proof-plane, 
consisting  of  a  small 
disc  of  gilt  paper  insu- 
lated by  a  thin  handle 
of  shellac,  is  then  ap- 
plied to  the  interior 
surface  of  the  sphere, 
and,  when  tested  by 
an  electric  pendulum 
or  an  electroscope,  is 
found  to  exhibit  no 
trace  of  electricity.  But 
if,  on  the  contrary,  ihe 
disc  be  applied  to  the 
.;  external  sur&ce  of  the 

%  sphere,  it  will  be  found 

to   be   electrified,  and 
capable    of  attracting 
Fig.  MS.— pmof-piuu  ud  HoUim  Sfben.  light  bodies     Faraday 

varied  this  experiment, 
by  substituting  a  cylinder  of  wire-gauze  for  the  sphere.  This  cylinder 
rested  on  an  insulated  disc  of  metal.  The  disc  was  chained  with 
electricity,  and  it  was  found  that  no  trace  of  the  electricity  could  be 
detected  by  applying  the  proof-plane  to  the  interior  surface  of  the 
cylinder. 
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The  following  experiment  is  also  due  to  Faraday.  A  metal  ring 
is  fixed  upon  an  insulating  stand  (Fig.  344).  To  this  ring  is  attached 
a  cone-shaped  bag  of  fine  linen,  which  is  a  conductor  of  electricity. 
A  silk  thread,  attached  to  the  apex  of  the  cone,  and  extending  both 


Fig.  844.— Faraday's  Ezperim«at. 

ways,  enables  the  operator  to  turn  the  bag  inside  out  as  often  as 
required,  without  discharging  it.  When  the  bag  is  electrified,  the 
application  of  the  proof-plane  always  shows  that  there  is  electricity 
on  the  outer,  but  not  on  the  inner  surface.  When  the  bag  is  turned 
inside  out,  the  electricity  therefore  passes  from  one  surface  of  the 
linen  to  the  other. 

421a.  Limitations  of  the  Rule. — There  are  two  exceptions  to  the 
rule  that  electricity  is  confined  to  the  external  surface  of  a  conductor. 

1.  It  does  not  hold  for  electric  currenta  We  shall  see  hereafter  in 
connection  with  galvanic  electricity,  that  the  resistance  which  a  wire 
of  given  length  opposes  to  the  passage  of  electricity  through  it, 
depends  not  upon  its  circumference  but  upon  its  sectional  area.  A 
hollow  wire  will  not  conduct  electricity  so  well  as  a  solid  wire  of  the 
same  external  diameter. 

2.  Electricity  may  be  induced  on  the  inner  surface  of  a  hollow 
conductor  by  the  presence  of  an  electrified  body  insulated  from  the 
conductor  itself.  If  an  insulated  body  charged  with  electricity  be 
introduced  into  the  interior  of  a  hollow  conductor,  so  as  to  be  com- 
pletely surrounded  by  it,  but  still  insulated  from  it,  it  induces  upon 
the  inner  surface  a  quantity  equal  to  its  own  charge,  but  of  opposite 
sign  If  the  conductor  is  insulated,  an  equal  quantity,  but  of  the  same 
sign  as  the  charge  of  the  indosed  body,  is  repelled  to  the  outside,  and 
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this  is  true  whether  the  conductor  has  an  independent  charge  of  its 
own  or  not.  In  this  case,  then,  we  have  electricity  residing  on  both 
the  external  and  the  internal  surfaces  of  a  hollow  conductor^  but  it 
still  resides  only  on  the  surfaces. 

If  a  conducting  body  connected  with  the  earth  be  introduced  into 
the  interior  of  a  hollow  charged  conductor,  so  as  to  be  partially  sur- 
rounded by  it,  the  body  thus  introduced  will  acquire  an  opposite 
charge  by  induction,  and,  by  the  reciprocal  action  of  this  charge, 
electricity  will  be  induced  on  the  inner  at  the  expense  of  the  outer 
surface  of  the  hollow  conductor,  just  as  in  the  preceding  case. 

421b.  Ice-pail  Experiment. — The  effect  of  introducing  a  charged 
body  within  a  hollow  conductor  is  well  illustrated  by  the  following 
experiments  of  Faraday.     Let  A  (Fig.  344  a)  represent  an  insulated 

pewter  ice-pail,  ten  and  a  half  inches  high 
and  seven  inches  in  diameter,  connected 
by  a  wire  with  a  delicate  gold  leaf  electro- 
scope E,  and  let  C  be  a  round  brass  ball 
insulated  by  a  dry  thread  of  white  silk, 
three  or  four  feet  in  length,  so  as  to  remove 
the  influence  of  the  hand  holding  it  from 
the  ice-pail  below.  Let  A  be  perfectly 
discharged,  and  let  C,  after  being  charged 
at  a  distance,  be  introduced  into  A  as  Id 
the  figure.  If  C  be  positive,  E  also  will 
diverge  positivel}';  Lf  C  be  taken  away,  E 
will  collapse  perfectly,  the  apparatus  being 
in  good  order.  As  C  enters  the  vessel  A, 
the  divergence  of  E  will  increase  until  C  is 
about  three  inches  below  the  edge  of  the 
vessel,  and  will  remain  quite  steady  and 
unchanged  for  any  greater  depression.  If 
C  be  made  to  touch  the  bottom  of  A,  all 
its  charge  is  communicated  to  A,  and  Q 
upon  being  withdrawn  and  examined,  is  found  perfectly  discharged. 
Now  Faraday  found  that  at  the  moment  of  contact  of  C  with  the 
bottom  of  A,  not  the  slightest  change  took  place  in  the  divergence 
of  the  gold-leaves.  Hence  the  charge  previously  developed  by  induc- 
tion on  the  outside  of  A  must  have  been  precisely  equal  to  that 
acquired  by  the  contact,  that  is,  must  have  been  equal  to  the 
charge  of  C. 


Fig.  344a.— loe-paU  Experiment. 
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He  then  employed  four  ice-pails  {Fig.  3i4  b),  arranged  one  within 
the  other,  the  smallest  innermost,  insulated  from  each  other  by  plates 
of  shellac  at  the  bottom,  the  outermost  pail  being  connected  with  the 
electroscope.  When  the  charged  carrier- 
ball  C  was  introduced  within  the  innermost 
pail,  and  lowered  until  it  touched  the  bot- 
tom, the  electrometer  gave  precisely  the 
same  indications  as  when  the  outermost 
pail  was  employed  atone.  When  the  inner- 
most was  lifted  out  by  a  silk  thread  after 
being  touched  by  C,  the  gold-leaves  col- 
lapsed perfectly.  When  it  was  introduced 
again,  they  opened  out  to  the  same  extent 
as  before.  When  4  and  3  were  connected 
by  a  wire  let  down  between  them  by  a  silk 
thread,  the  leaves  remained  unchanged,  and 
so  they  still  remained  when  3  and  2  were 
connected,  and  finally  when  all  four  pails 
were  connected 

421c.  Ho  Force  within  a  Condaotor. — 
When  a  hollow  conductor  ia  electrified, 

however  strongly,  no  effect  is  produced  Fw.a«»^-E^mmt-iibFo«r 
upon  pith-baits,  gold-leaves,  or  any  other 

electroBcopic  apparatus  in  the  interior,  whether  connected  with  the 
hollow  conductor,  or  insulated  from  it,  provided,  in  the  latter  case, 
that  they  have  no  communication  with  bodies  external  to  the  hollow 
conductor.  Faraday  constructed  a  cubical  box,  measuring  12  feet 
each  way,  covered  extemalty  with  copper  wire  and  tin-foil,  and  insu- 
lated from  the  earth.  He  charged  this  box  very  strongly  by  outside 
communication  with  a  powerful  electrical  machine;  but  a  gold-leaf 
electrometer  within  showed  no  effect  He  says,  "I  went  into  the 
cube  and  lived  in  it,  using  lighted  candles,  elei:trometers,  and  all  other 
tests  of  electrical  states.  I  could  not  find  the  least  influence  upon 
them,  or  indication  of  anything  particular  given  by  them,  though  all 
tlie  time  the  outside  of  the  cube  was  powerfully  charged,  and  large 
sparks  and  brushes  were  darting  off  from  every  part  of  its  outer 
surface." 

The  fact  that  electricity  resides  only  on  the  external  surface  of  a 
conductor,  combined  with  the  fact  that  there  is  no  electrical  force  in 
the  space  inclosed  by  this  surface,  affords  a  rigorous  proof  of  the  law 
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of  inverse  squares.  For  if  the  conductor  be  a  sphere  removed  from 
the  influence  of  external  bodies,  its  charge  must  be  distributed 
uniformly  over  its  surface.  Now  it  admits  of  proof,  and  is  well 
known  to  mathematicians,  that  a  uniform  spherical  shell  exerts  no 
attraction  at  any  point  of  the  interior  space,  if  the  law  of  attraction 
be  that  of  inverse  squares,  and  that  the  internal  atti-action  does  not 
vanish  for  any  other  law. 

421 B.  Electrical  Density  and  Distribution. — When  the  proof-plane 
is  applied  to  different  parts  of  the  surface  of  a  conductor,  the  quan- 
tities of  electricity  which  it  carries  off  are  not  usually  equal  Bat 
the  electricity  carried  off  by  the  proof-plane  is  simply  the  electricity 
which  resided  on  the  part  of  the  surface  covered  by  it,  for  the  proof- 
plane  during  the  time  of  its  contact  is  virtually  part  of  the  surface 
of  the  conductor.  We  must  therefore  conclude  that  equal  areas  on 
different  parts  of  the  surface  of  a  conductor  have  not  equal  amounts 
of  electricity  upon  them.  It  is  also  found  that  if  the  charge  of  the 
conductor  be  varied,  the  electricity  resident  upon  any  specified 
portion  of  the  surface  is  changed  in  the  same  ratio.  The  ratio  of  the 
quantities  of  electricity  on  two  specified  portions  of  the  surface  is  in 
fact  independent  of  the  charge,  and  depends  only  on  the  form  of  the 
conductor.  This  is  expressed  by  saying  that  distribution  is  inde- 
pendent of  charge,  and  that  the  distribution  of  electricity  on  the 
surface  of  a  conductor  depends  on  its  form. 

By  the  average  electrical  density  on  the  whole  or  any  specified 
portion  of  the  surface  of  a  conductor,  is  meant  the  quantity  of  elec- 
tricity upon  it,  divided  by  its  area.  By  the  electrical  density  ai  a 
specified  point  on  the  surface  of  a  conductor,  is  meant  the  average 
electrical  density  on  an  exceedingly  small  area  surrounding  it,  in 
other  words,  the  quantity  of  electricity  per  unit  area  at  the  point 
The  name  is  appropriate,  from  the  analogy  of  ordinary  material 
density,  which  is  mass  per  unit  volume,  and  is  not  intended  to  imply 
any  hypothesis  as  to  the  nature  of  electricity.  The  name  was  intro- 
duced by  Coulomb,  who  first  investigated  the  subject  in  question, 
and  is  generally  employed  by  the  best  electricians  in  this  country. 
The  term  thickness  of  electrical  stratwm,  which  was  introduced  by 
Poisson,  is  much  used  in  France,  but  is  more  open  to  objection  from 
the  coarse  assumptions  which  it  seems  to  involve. 

The  following  are  some  of  Coulomb's  results.  The  dotted  line  in 
each  of  the  figures  is  intended  to  represent,  by  its  distance  from  the 
outline  of  the  conductor,  the  electric  density  at  each  point  of  the 
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latter.     In  all  caaea  it  b  to  be  understood  that  the  conductor  is  so 
for  removed  from  external  bodies  as  not  to  be  influenced  by  them : — 

1.  Sphere  {Fig.  345).     The  electric  density  is  the  same  for  aU 
points  on  the  surface  of  a  spherical  conductor. 

2.  Ellipsoid  (Fig.  346).     The  density  is  greatest  at  the  ends  of  the 


Fig.  S4fi.— DiniilmUau  on  Spbue.  Tig.  Me.— DiitrlbuUon  od  EUifKid. 

longest,  and  least  at  the  ends  of  the  shortest  axis;  and  the  densities 
at  these  points  are  simply  proportional  to  the  axes  themselves.' 

3.  Flat  Disc  (Fig.  3i7).  The  density  is  almost  inappreciable  over 
the  whole  of  both  laces,  except  close  to  the  edges,  where  it  increases 
almost  per  sattum. 

4.  Cylinder  with  Hemispkencal  Ends  (Fig.  348).     The  density  is 


pig.  3<T.— Diilrlbutlan  on  DIu.  Fig.  3<S.— DiitributloD  an  CjUndsr  with  nanded  aodi. 

a  minimum,  and  nearly  uniform,  at  parts  remote  &om  the  ends,  and 
attains  a  maximum  at  the  ends.  The  ratio  of  the  density  at  the  ends 
to  that  at  the  sides  increases  as  the  radius  of  the  cylinder  diminishes, 
the  length  of  the  cylinder  remaining  the  same. 

5.  Spheres  in  Contact — In  the  case  of  equal  spheres,  the  charge, 
which  is  nothing  at  the  point  of  contact,  and  very  feeble  up  to  30" 
from  that  point,  increases  very  rapidly  from  30°  to  60°,  less  rapidly 
from  60°  to  90°,  and  almost  insensibly  from  90°  to  180°,  When  the 
spheres  are  of  unequal  size,  the  charge  at  any  point  on  the  smaller 

'  Hare  generally,  the  deority  at  an;  point  on  the  Burfooe  of  an  ellipsoid  is  proportional 
to  the  length  of  a  peipendicular  from  the  centra  of  the  ellipsoid  on  a  tangent  plane  at  the 

K  an  elliptoid,  nmilar  and  nearly  equal  to  the  giTen  one,  be  placed  so  that  the  corre- 
■ponding  aiea  of  the  two  are  ooinddent,  ve  Bhall  liave  a.  tMn  elljpeoidal  shell,  whon  thick- 
oeu  at  any  point  exactly  represetita  the  electric  density  at  that  point. 

Such  asbeQ,  if  composed  of  homageneoua  matter  attracting  inversely  as  the  square  of  the 
distance,  would  eierciie  no  force  at  points  in  its  interior. 
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sphere  is  greater  than  at  the  corresponding  point  on  the  larger  one; 
and  as  the  smaller  sphere  is  continually  diminished,  the  other 
remaining  the  same,  the  ratio  of  the  densities  at  the  extremities  of 
the  line  of  centres  tends  to  become  2:1. 

422.  Method  of  Experiment. — The  preceding  results  were  obtained 
by  Coulomb  in  the  following  manner.  He  touched  the  electrified 
body  at  a  known  point  with  the  proof-plane,  and  then  put  the  plane 
in  the  place  of  the  fixed  ball  of  the  torsion-balance,  the  movable 
ball  having  previously  been  charged  with  electricity  of  the  same 
sign.  Repulsion  was  thus  produced,  and  the  amount  of  torsion 
necessary  to  keep  the  balls  at  a  certain  distance  asunder  was  observed. 
He  then  repeated  the  experiment  with  electricity  taken  &om  a  dif- 
ferent point  of  the  body  under  examination,  and  the  ratio  of  the 
densities  at  the  two  points  was  given  by  the  ratio  of  the  torsions 
necessary  to  keep  the  balls  at  the  same  distance. 

By  way  of  checking  the  accuracy  of  this  mode  of  experimentation. 
Coulomb  electrified  an  insulated  sphere,  and  measured  the  electric 
density  on  its  surface  by  the  method  described  above.  He  then 
touched  the  sphere  with  another  precisely  equal  sphere,  and  on  again 
applying  the  proof- plane  he  found  that  the  charge  carried  oflT  by  the 
plane  was  just  half  what  it  had  been  befora 

423.  Alternate  Contact. — The  above  experiments  naturally  require 
some  time,  during  which  the  body  under  investigation  is  gradually 
losing  its  charge.  The  consequence  is,  that  the  densities  indicated 
by  the  balance,  if  taken  singly,  do  not  correctly  represent  the 
electric  distribution.  This  source  of  error  was  avoided  by  Coulomb 
in  the  following  manner.  He  touched  two  points  on  the  body  suc- 
cessively, and  determined  the  electric  density  at  each;  and  then,  after 
an  interval  equal  to  that  between  the  two  experiments,  he  touched 
the  first  point  again,  and  obtained  a  second  measure  of  its  density, 
which  was  less  than  the  first,  on  account  of  €he  dissipation  of  elec- 
tricity.    If  the  densities  thus  observed  be  denoted  by  A  and  A',  and 

the  density  observed  at  the  second  point  by  B,  it  is  evident  that  ^  is 

A' 

greater,  and  ^  less  than  the  ratio  required.     Coulomb  adopted,  as 

A  + A' 

the  correct  value,  their  arithmetic  mean  ^  ~b~"« 

424.  Power  of  Points. — ^The  distribution  of  electricity  on  a  con- 
ductor of  any  form  may  be  roughly  described,  by  saying  that  the 
density  is  greatest  on  those  parts  of  the  surface  which  project  most^ 
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or  which  have  the  sharpest  convexity,  and  that  in  depressions  or 
concavities  it  is  small  or  altogether  insensible.  Theory  shows  that 
at  a  perfectly  sharp  edge,  such,  for  example,  as  is  formed  by  two 
planes  meeting  at  any  angle  however  obtuse,  but  not  rounded  off, 
the  density  must  be  infinite,  and  a  fortiori  it  must  be  infinite  at  a 
perfectly  sharp  point,  for  example  at  the  apex  of  a  cone,  however 
obtuse,  if  not  rounded  off.  Practically,  the  points  and  edges  of 
bodies  are  always  rounded  off;  the  microscope  shows  them  merely  as 
places  of  very  sharp  convexity  (that  is,  of  very  small  radius  of  curva- 
ture), and  hence  the  electric  density  at  those  places  is  really  finite; 
but  it  is  exceedingly  great  in  comparison  with  the  density  at  other 
parts,  and  this  is  especially  true  of  very  acute  points,  such  as  the 
point  of  a  fine  needle.  The  consequence  is,  that  if  a  pointed  con- 
ductor is  insulated  and  charged,  the  concentration  of  a  large 
amount  of  repulsive  force  within  an  exceedingly  small  area  pro- 
duces very  rapid  escape  of  electricity  at  the  points.  Conductors 
intended  to  retain  a  charge  of  electricity  must  have  no  points  or 
edges,  and  must  be  very  smooth.  If  of  considerable  length  in 
proportion  to  their  breadth,  they  are  usually  made  to  terminate  in 
laj^e  knobs. 

425.  BlBsipation  of  Charge. — When  an  insulated  conductor  is 
charged  and  left  to  itself,  its  charge  is  gradually  dissipated,  and  at 
length  completely  disappears.  This  loss  takes  place  partly  through 
the  supports,  and  partly  through  the  air. 

As  regards  the  supports,  the  loss  occurs  chiefly  at  their  surface, 
especially  if  (as  is  usually  the  case)  they  are  riot  perfectly  dry.  It  is 
diminished  by  diminishing  their  perimeter,  and  by  increasing  their 
length;  for  example,  a  long  fibre  of  glass  or  raw  silk  is  an  excellent 
insulator. 

As  regards  the  air,  we  must  distinguish  between  conduction  and 
convection.  Moist  air  and  highly  rarefied  air  probably  act  as  con- 
ductors; but  with  air  that  is  relatively  dry  the  loss  is  probably  chiefly 
due  to  contact  and  convectioa  Successive  layers  of  air  become 
electrified  by  contact  with  the  conductor,  and  are  then  repelled, 
carrying  off  the  electricity  which  they  have  acquired.  It  is  by  an 
action  of  this  kind  that  electricity  escapes  into  the  air  from  points, 
as  is  proved  by  the  wind  which  passes  off  firom  them  (§  444).  Parti- 
cles of  dust  present  in  the  air,  in  like  manner,  act  as  carriers,  being 
attracted  to  the  conductor,  charged  by  contact  with  it,  and  then 
repelled.     They  also  frequently  adhere  by  one  end  to  the  conductor. 
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and  thus  constitute  pointed  projections  through  which  electricity  is 
discharged  into  the  air. 

Coulomb  deduced  from  his  observations  on  dissipation  of  charge,  a 
law  precisely  analogous  to  Newton's  law  of  cooling,  namely,  that 
when  all  other  circumstances  remain  the  same,  the  rate  of  lass  is 
simply  proportional  to  the  charge,  so  that  the  charges  at  equal 
intervals  of  time  form  a  decreasing  geometric  seriea  Subsequent 
experience  baa  confirmed  this  law,  as  approximately  true  for  moderate 
charges  of  the  same  sign.  Negative  charges  are,  however,  dissipated 
more  rapidly  than  positiva 


CHAPTER   XXXVIII. 


ELECTBICAL  MACHINES. 


426.  Electrical  Machines. — The  first  electrical  machine  was  invented 
by  Otto  Guericke,  to  whom,  as  we  have  already  seen  (§  1 29),  science 
is  indebted  for  the  invention  of  the  air-pump.  It  consisted  of  a  ball 
of  sulphur  which  was  turned  upon  its  axis  by  one  person,  while 
another  held  his  hands  upon  the  ball,  thus  causing  the  friction 
necessary  for  the  production  of  electricity.  The  result  was  that 
the  globe  was  negatively  electrified,  and  the  positive  electricity 
escaped  into  the  earth  through  the  hands  of  the  operator.  This 
machine,  however,  was  capable  of  producing  only  very  feeble  effects, 
and  the  sparks  obtained  from  it  were  visible  only  in  the  dark  An 
English  philosopher,  Hawksbee,  substituted  a  globe  of  glass  for  the 
globe  of  sulphur;  the  electricity  thus  obtained  was  positive,  and 
the  sparks  obtained  by  the  new  machine  were  of  considerable  bright- 
ness. The  machine,  however,  was  for  the  time  superseded  by  the 
use  of  glass  tubes,  which  continued  to  be  the  favourite  instruments 
for  generating  electricity  until  the  middle  of  the  eighteenth  century, 
when  a  (German  philosopher,  Boze,  professor  of  physics  at  Wittem- 
berg,  revived  and  perfected  Hawksbee's  machine,  which  became 
universally  adopted. 

Fig.  349,  which  is  taken  from  the  Legons  de  Physique  of  the  Abb^ 
Nollet,  published  in  1767,  shows  the  arrangement  of  the  machine 
adopted  by  this  celebrated  philosopher.  It  consists  of  a  large  wheel, 
round  which  is  passed  an  endless  cord,  which,  passing  also  round  a 
pulley,  serves  to  turn  a  glass  globe  when  the  wheel  is  set  in  motion. 
The  electricity  thus  produced  is  collected  on  a  conductor  suspended 
from  the  ceiling  by  silk  corda 

It  will  be  observed  that,  in  the  figure,  the  friction  is  produced  by 
the  hand.     This  mode  of  applying  friction,  which  is  evidently  rude 
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and  defective,  was  nevertheless  long  used  for  want  of  a  better,  though 
many  attempts  were  made  to  replace  it  by  the  uae  of  rubbers  of 
leather,  stuffed  with  hair,  and  pressed  against  the  globe  by  means  of 
regulating  screws.  The  shape  of  the  globe  rendered  the  use  of  these 
very  difficult,  and  it  was  not  until  a  cylinder  was  substituted  for  the 
globe  that  they  were  generally  adopted. 

4S7.  Bamsden's  Machine. — The  kind  of  machine  most  commonly 
employed  at  present  is  the  plate-machine,  invented  by  Ramsden  about 
1768,  and  only  slightly  changed  and  improved  since. 

The  most  usual  form  of  this  machine  is  shown  in  Fig.  350.     It 


Fig,  350.— Rinudau'i  Eloctrial  Unchinn. 

bas  a  circular  plate  of  glass,  which  turns  on  an  axis  supported 
by  two  wooden  uprights.  On  each  side  of  the  plate,  at  the  upper 
and  lower  parts  of  the  uprights,  are  two  cushions,  which  act  as 
rubbers  when  the  plate  is  turned.  In  front  of  the  plate  are  two 
metallic  conductors  supported  on  glass  legs,  and  terminating  in 
branches,  which  are  bent  round  the  plate  at  the  middle  of  its  height. 
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and  are  studded  with  points  projecting  towards  it  The  plate 
becomes  charged  with  positive  electricity  by  friction  against  the 
cashions,  and  gives  off  its  electricity  through  the  points  to  the  two 
conductors,  or,  what  amounts  to  the  same  thing,  the  conductors  give 
off  negative  electricity  through  the  points  to  the  positively-electrified 
plate.  In  order  to  avoid  loss  of  electricity  from  that  portion  of  the 
plate  which  is  passing  fr*om  the  cushions  to  the  points,  sector-shaped 
pieces  of  oiled  silk  are  placed  so  as  to  cover  it  on  both  sides.  The 
cushions  become  negatively  electrified  by  the  friction ;  and  the 
machine  will  not  continue  working  unless  this  negative  electricity 
is  allowed  to  escape.  The  cushions  are  accordingly  connected  with 
the  earth  by  means  of  metal  plates  let  into  their  supports. 

428.  Limit  of  Charge. — ^As  the  conductors  become  more  highly 
charged,  they  lose  electricity  to  the  air  more  rapidly,  and  a  time  soon 
arrives  when  they  lose  electricity  as  fast  as  they  receive  it  from  the 
plate.  After  this,  if  the  machine  continues  to  be  worked  uniformly, 
their  charge  remains  nearly  constant  This  limiting  amount  of 
charge  depends  very  much  upon  the  condition  of  the  air ;  and  in 
damp  weather  the  machine  often  refuses  to  work  unless  special  means 
are  employed  to  keep  it  dry. 

The  rubbers  are  covered  with  a  metallic  preparation,  of  which 
several  different  kinds  are  employed.  Sometimes  it  is  the  compound 
called  aurum  rausivwm  (bisulphide  of  tin),  but  more  frequently  an 
amalgam.     Kienmeier's  amalgam  consists  of  one  part  of  zinc,  one  of 

tin,  and  two  of  mercury.  The  amalgam 
is  mixed  with  grease  to  make  it  adhere 
to  the  leather  or  silk  which  forms  the 
face  of  the  cushion. 

Before  using  the  machine,  the  glass 
legs    which    support    the    conductors 
should   be  wiped   with   a  warm  dn' 
cloth.     The  plate  must  also  be  cleaned 
Fig.  861.— Qaadrant  Eiectrosoope.        from  any  dust  or  portious  of  amalgam 

which  may  adhere  to  it,  and  lastly, 
dried  with  a  hot  cloth  or  paper.  When  these  precautions  are  taken, 
the  machine,  if  standing  near  a  fire,  will  always  work;  but  the 
charging  of  Leyden  jars,  and  especially  of  batteries,  may  be  rendered 
impossible  by  bad  weather. 

The  variations  of  charge  are  indicated  by  the  quadrant  electroscope 
(Fig.  351),  which  is  attached  to  one  of  the  conductors.     It  consisfes 
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of  an  upright  conducting  Btem,  supporting  a  quadrant,  or  more  com- 
monly a  semicircle,  of  ivory,  at  whose  centre  a  light  needle  of  ivory 
ia  jointed,  carrying  a  pith-ball  at  its  end.  When  there  is  no  charge 
in  the  conductor,  this  pendulum  hangs  vertically,  and  as  the  chai^ 
increases  it  is  repelled  further  and  further  from  the  stem.  In  damp 
weather  it  will  be  observed  to  return  to  the  vertical  position  almost  . 
immediately  on  ceasing  to  turn  the  machine,  while  in  very  favour- 
able circumstances  it  gives  a  sensible  indication  of  charge  after  two 
or  three  minutes. 

429.  Haime'8  Machine. — Ramsden's  machine  furnishes  only  positive 
electricity.     In  order  to  obtain  negative  electricity,  it  is  necessary  to 


Fig,  3S2.— N^mg'i  Elsctrial  HuhiM. 

insulate  the  cushions  from  the  ground,  and  to  place  them  in  com- 
munication with  an  insulated  conductor.  An  arrangement  of  this 
kind  is  adopted  in  Nairne's  machine. 

In  this  machine  a  lai^e  cylinder  of  glass  revolves  between  two 
separately  insulated  conductora  One  of  these  has  a  row  of  points 
projecting  towards  the  glass,  and  collects  positive  electricity.  The 
other  is  connected  with  the  rubber,  and  collects  negative.  If  one 
kind  of  electricity  only  is  required,  the  conductor  which  furnbbes 
the  other  must  be  connected  with  the  ground. 

480.  Wintsr'B  Haohine. — Winter,  of  Vienna,  has  introduced  some 
modifications  in  Ramsden's  machine. 
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Instead  of  four  cushions,  there  are,  as  will  be  seen  by  the  figure 
(Fig  353),  only  two,  which  are  in  communication  with  a  spherical 
conductor,  supported  on  a  glass  pillar.  Ttiis  may  be  used  to  collect 
negative  electricity,  in  the  same  way  as  the  negative  conductor  in 
Nairne's  machine.  The  chief  or  positive  conductor  consists  of  an 
insulated  sphere,  on  the  top  of  which  is  often  another  sphere  of 
smaller  size.     The  positive  electricity  is  collected  from  the  pkte  by 


Fig.  3S3.— Wintar'i  Electiial  Huhini. 

means  of  two  rings  opposite  to  each  other,  one  on  each  side  of  tbe 
plate.  On  the  aide  next  the  plate,  they  have  a  groove,  which  is  lined 
with  metal,  and  studded  with  points.  They  are  supported  by  an  arm 
which  is  inseiied  in  the  positive  conductor.  The  size  of  the  positive 
conductor  is  often  increased  by  the  addition  of  a  very  large  ring  (3 
or  4  feet  in  diameter)  which  is  supported  on  the  top  of  the  large 
sphere.  The  ring  conaiata  of  very  stout  brass  wire  inclosed  iu  well- 
polished  mahogany. 

Winter's  machine  appears  to  give  longer  sparks  than  the  ordinary 
maclune  under  the  same  circumstaDCes.  This  circumstance  is  owing, 
partly  at  least,  to  the  considerable  distance  between  the  rubber  and 
the  positive  conductor,  which  prevents  the  occurrence  of  dischaiges 
between  them. 


HYDRO-ELECTRIC  MACHINE. 


4S1.  Hydro-electric  Machine. — About  the  year  18+0,  Mr.  (now  Sir) 
W.  Armstrong  invented  an  electric  machine,  in  which  electricity  was 
generated  by  the  friction  of  steam  i^inst  the  sides  of  orifices,  through 
which  it  ia  allowed  to  escape  under  high  pi'essure.     It  consists  of  a 


boiler  with  the  fire  inside,  supported  on  four  glass  legs.  The  steam, 
before  escaping,  passes  through  a  number  of  tubes  wliich  traverse  a 
cooling-box  containing  water,  into  which  dip  meshes  of  cotton,  which 
are  led  over  the  tubes,  and  passed  round  them.  The  cooling  thus 
produced  in  the  tubes,  causes  partial  condensation  of  tlie  steam.  This 
has  been  found  to  be  an  indispensable  condition,  the  friction  of  per- 
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fectly  dry  steam  being  quite  inoperative.  Speaking  strictly,  it  is  the 
friction  of  the  drops  of  water  against  the  sides  of  the  orifice,  which 
generates  the  electricity,  and  the  steam  merely  famishes  the  means 
^  of  applying  the  friction.  The  jet  of  steam  is  positively,  and  the 
boiler  negatively  electrified.  The  positive  electricity  is  collected  by 
directing  the  jet  of  steam  upon  a  metal  comb  communicating  with 
an  insulated  conductor. 

The  form  of  the  outlet  by  which  the  steam  escapes  is  shown  in 
Fig.  355.  The  steam  is  checked  in  its  course  by  a  tongue  of  metal, 
round  which  it  has  to  pass,  before  it  can  enter  the  wooden  tube 
through  which  it  escapes  into  the  air.  This  machine,  in  order  to 
work  well,  requires  a  pressure  of  several  "atmospheres.  The  water  in 
the  boiler  should  be  distilled  water.  If  a  saline  solution  be  intro- 
duced into  the  tube  through  which  the  steam 
escapes,  all  traces  of  electricity  immediately 
disappear.  The  generation  of  electricity 
varies  both  in  sign  and  degree,  according  to 
the  substance  of  which  the  escape-tube  is 
Kg  355.-outiet  of  Steam.       composcd,  and  accordiug  to  the  liquid  whose 

particles  are  carried  out  by  the  steam.  Thus, 
when  a  small  quantity  of  oil  of  turpentine  is  introduced  into  the  jet 
of  steam,  the  boiler  becomes  positively,  and  the  steam  negatively 
electrified. 

The  hydro-electric  machine  is  exceedingly  powerful.  At  the 
Polytechnic  Institution  in  London,  there  was  one  with  a  boiler 
78  inches  long  and  42  in  diameter,  and  with  46  jeta  Sparks  were 
obtained  from  the  conductor  at  the  distance  of  22  inches.  The 
machine  is,  however,  very  inconvenient  to  manage.  A  long  time  is 
required  to  get  up  the  requisite  pressure  of  steam.  The  boiler  mast 
be  carefully  washed  with  a  solution  of  potash,  after  each  occasion  of 
its  use ;  and,  finally,  the  working  of  the  machine  is  necessarily  accom- 
panied by  the  disengagement  of  an  enormous  quantity  of  steam, 
which,  besides  causing  a  deafening  noise,  has  the  mischievous  effect 
of  covering  with  moisture  everything  within  reach.  Accordingly, 
though  very  interesting  in  itself,  it  is  by  no  means  adapted  to  the 
general  purposes  of  an  electrical  machine 

432.  Eoltz's  Machine. — In  the  machines  just  described,  electricity 
is  produced  by  the  friction  of  one  substance  against  another.  Quite 
recently,  several  machines  have  been  invented  of  quite  a  different 
kind,  in  which  a  body  is  electrified  once  for  all,  and  made  to  act  by 
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induction  upon  a  movable  system,  in  such  a  way  as  to  produce  a 
continual  generation  of  electricity.  ITie  most  successful  of  these  is 
that  invented  by  Holtz  of  Berlin  in  1805. 

It  contains  two  tbin  circular  plates  of  glass,  one  of  whicli,  A,  is 
fixed,  while  the  other,  B,  which  is  rather  smaller,  can  be  made  to 
■revolve  very  near  it.  In  the  fixed  plate  there  are  two  large  boles 
or  windows  near  the  extremities  of  its  horizontal  diameter.     Across 
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these,  and  partly  covering  tliem,  are  glued  two  paper  bands  or  aiina- 
tures,  having  points/,/'  directed  the  opposite  way  to  that  in  wbieh 
the  movement  takes  place.  Two  metallic  combs  P,  R  are  placed 
opposite  the  windows,  On  the  other  side  of  the  revolving  plate,  and 
are  connected  with  two  insulated  conductors  terminating  in  the 
knobs  71,  m,,  which  may  be  called  the  poles  or  electrodes  of  the 
machine.  These  knobs  can  be  set  at  any  distance  asunder.  In 
starting  the  machine,  they  are  placed  in  contact,  and  one  of  the 
armatures,  suppose  /,  is  electrified  by  holding  against  it  a  sheet  of 
vulcanite  which  haa  been  charged  with  negative  electricity  by  fi-ic- 
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tion.  The  plate  is  then  turned  for  a  few  seconds,  and  the  two  knobs 
are  gradually  separated. 

A  continuous  crackling  noise  is  immediately  produced  at  the  place 
of  separation,  resulting  from  electric  discharge  across  the  interval 
In  the  circumstances  supposed,  the  knob  n  is  the  negative,  and  the 
knob  m  the  positive  electrode.  In  dry  weather,  the  machine,  when 
once  started,  will  continue  in  action  for  a  long  time  if  the  motion  is 
kept  up,  but  it  soon  ceases  to  act  if  the  air  is  damp,  being  even  more 
sensitive  to  moisture  than  the  ordinary  machine. 

The  action  of  the  machine  is  as  follows: — The  negative  electricity 
of  the  armature  /,  acting  inductively  on  the  opposed  conductor,  fix)m 
which  it  is  separated  by  the  revolving  plate,  causes  this  conductor 
to  discharge  positive  electricity,  through  the  comb,  upon  the  fe.ce  of 
the  plate,  and  thus  to  acquire  a  negative  charge ;  when  the  part  of 
the  plate  which  has  been  thus  affected  comes  opposite  the  other 
armature,  the  latter  is  affected  inductively,  and  discharges  negative 
electricity  through  its  pointy  upon  the  back  of  the  plate,  thus 
becoming  itself  positively  electrified.  Positive  electricity  from  the 
front  of  the  plate  is  at  the  same  time  collected  by  the  comb  F,  an 
equal  quantity  of  negative  being  of  course  discharged  from  the  comb 
upon  the  plate.  In  the  subsequent  stages  of  the  process,  the  native 
electricity  thus  discharged  upon  the  face  of  the  plate  exceeds  the 
positive  which  was  previously  there,  so  that  the  face  of  the  plate 
passes  on  with  a  negative  charge.  When  the  portion  of  the  plate 
which  we  are  considering  again  comes  opposite  /,  it  increases  the 
negative  electrification  both  of  the  armature  and  the  conductor, 
inasmuch  as  it  has  more  of  negative  or  less  of  positive  electricity 
upon  both  its  surfaces  than  it  had  when  it  last  moved  away  bom 
that  position.  Both  armatures  thus  become  more  and  more  strongly 
electrified,  until  a  limit  is'  attained  which  depends  on  the  goodness  of 
the  insulation ;  and  as  the  electrification  of  the  armatures  increases, 
the  conductors  also  become  more  powerfully  affected,  and  are  able  to 
discharge  to  each  other  by  the  knobs  mn  at  a  continually  increasing 
distance.  • 

The  inventor  has  recently  introduced  a  modified  form  of  his 
machine.  The  plates  are  placed  horizontally  (Fig.  357),  they  have 
neither  windows  nor  armatures,  and  they  both  revolve,  but  in  oppo- 
site directions.  Two  conductors  furnished  with  rows  of  points  are 
placed  above  the  upper  plate  at  the  extremities  of  one  diameter,  and 
two  others  below  the  lower  plate  at  the  extremities  of  another 

\ 
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diameter  perpendicular  to  the  former.  Each  of  the  upper  conductors 
is  connected  with  one  of  the  lower,  so  that  there  are  virtually  only 
two  conductora  In  starting  the  machine,  a  sector  of  electrified  vul- 
canite is  held  over  the  upper  plate,  opposite  one  of  the  lower  comba 


Fig.  UT.— Hollz'i  Uachina  with  HDiiioiiUl  PUMi. 

When  the  machine  has  been  turned  for  a  few  seconds,  the  sector  may 
be  removed,  and  a  continual  discharge  of  sparks  takes  place  between 
the  two  knobs  which  are  connected  with  the  two  conducting  systems. 
Frequently,  as  in  the  figure,  a  comb  is  placed  above,  opposite  to  the 
lower  comb,  and  this  arrangement  appears  to  increase  the  efficiency 
of  the  machine. 

The  action  in  this  form  of  the  machine  also  depends  upon  induc- 
tion, the  conductors  performing  the  duty  of  armatures  as  well.  We 
shall  not  enter  into  details,  but  merely  remark  that,  in  both  forms  of 
the  machine,  work  is  spent  in  turning  the  plates  in  opposition  to  elec- 
trical attractions  and  repulsions ;  and  that  the  mechanical  energy  thus 
consumed  produces  an  equivalent  in  the  form  of  electrical  energy. 

433.  Blectrophomg. — When  electricity  is  required  in  comparatively 
small  quantities,  it  is  readily  supplied  by  the  simple  apparatus  called 
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Fig.  358.— Electrophonis. 


the  elecirophorus.     This  consists  (Fig.  358)  of  a  disc  of  resin,  or  some 
other  material  easily  excited  by  friction,  and  of  a  polished  metal  dLsc 

B  with  an  insulating  handle  CD.  The 
resin  disc  is  electrified  by  striking  or 
rubbing  it  with  catskin  or  flannel,  and 
the  metal  plate  is  then  laid  upon  it  In 
these  circumstances,  the  upper  plate  does 
not  receive  a  direct  charge  from  the 
lower,  but,  if  touched  with  the  finger 
(to  connect  it  with  the  earth),  receives 
an  opposite  charge  by  inductioa  On 
lifting  it  away  by  its  insulating  handle, 
it  is  found  to  be  charged,  and  will  give 
a  spark.  It  may  then  be  replaced  on 
the  lower  plate  (touching  it  at  the  same  time  with  the  finger),  and 
the  process  repeated  an  indefinite  number  of  times,  without  any  fi^h 
excitation,  if  the  weather  is  favourable. 

The  resinous  plate  has  usually  a  base  or  sole  of  metal,  which  is  in 
connection  with  the  earth  while  the  electrophorus  is  being  worked. 
This  sole,  by  the  mutual  induction  which  takes  place  between  it  and 
the  upper  plate  or  cover,  increases  the  capacity  of  the  latter  (see  Chap. 
xL),  and  thus  increases  the  charge  acquired.  When  the  cover 
receives  its  positive  charge  on  being  connected  with  the  earth,  the 
sole  at  the  same  time  receives  from  the  earth  a  negative  charge, 
and  as  the  cover  is  gradually  lifted  this  negative  chai-ge  gradually 
returns  to  the  earth. 

The  most  convenient  form  of  the  electrophorus  is  that  of  Professor 
Phillips,  in  which  the  cover,  when  placed  upon  the  resinous  plate, 
comes  into  metallic  connection  with  the  metal  plate  below.  That 
this  arrangement  is  allowable  is  evident,  when  we  reflect  that, 
when  the  upper  plate  is  touched  with  the  finger,  it  is  in  fact 
connected  with  the  lower  plate,  since  both  are  connected  with  the 
earth ;  and  it  effects  a  great  saving  of  time  when  many  sparks  aie 
required  in  quick  succession,  for  the  cover  may  be  raised  and  lowered 
as  last  as  we  please,  coming  alternately  into  contact  with  the  resinous 
plate  and  the  body  which  we  wish  to  charge. 

434.  Bertsch's  Electrical  Machine. — A  machine  which  has  been 
called  a  rotatory  electrophorus  has  recently  been  invented  by  Bertsch, 
and  is  represented  in  Fig.  360.  A  circular  plate  of  ebonite  D  can  be 
made  to  revolve  rapidly.     A  sector  of  the  same  material,  previously 
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excited  by  friction,  ia  fixed  opposite  the  lower  portion  of' the  plate; 
and  on  the  other  Bide,  immediately  opposite  to  this,  is  a  metallic 
comb  N  forming  the  extremity  of  a 
conductor  connected  with   the   earth.  / 

At  the  upper   part  ia  another  comb  /^>, 

M  connected  with  the  conductor  A. 
Under  the  influence  of  the  electrified 
sector,  the  conductor  C  discharges  posi- 
tive electricity  on  the  plate  through 
the  comb  N.  In  passing  the  comb  M, 
a  portion  of  this  electricity  is  col- 
lected by  the  points,  and  charges  lig.  SM.-Ei«ii[iii«d  a«iar. 
the  conductor  A.  The  effect  is  in- 
creased by  connecting  A  with  another  conductor  E  of  very  large 


This  machine  differs  from  that  of  Holtz  in  furnishing  no  means  for 
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increasing,  or  even  sustaining,  the  charge  of  the  armature.     In  this 
respect  it  resembles  the  ordinary  electrophorus. 


CHAPTER    XXXIX. 


VARIOUS   EXPERIMENTS   WITH   THB  ELECTBICAL  MACHINE. 


435.  Electric  Bpark. — The  spark  furniabed  by  an  electrical  machine 
of  small  dimensions  is  sbort,  and  usually  straight  Powerful  machines 
sometimes  give  sparks  of  the  length  of  a  foot.  Such  sparks  have 
usually  a  zig-zag  form,  like  flashes  of  lightning.     One  of  tbe  readiest 

means  of  obtaining  long  sparks 
consists  in  placing,  opposite  to 
one  of  the  small  knobe  of  tbe 
conductor  of  the  machine,  a 
large  conductor,  having  good 
earth  connection,  and  present- 
ing a  polished  and  slightly  con- 
vex surface  towards  the  knob. 
A  more  powerful  effect  will  be 
obtained  by  connecting  thb 
conductor  with  the  rubber  or 
the  negative  conductor  of  tbe 
Fif.  Ml.— EiKtrio  3inA.  machine,   instead   of  with   tbe 

earth.     Very  frequently,  when 

tbe  spark  is  a  foot  or  more  in  length,  flner  ramifications  proceed 

from  its  main  track,  as  sliown  in  Fig.  362. 

436.  Brnsh. — When  a  powerful  machine  is  working  in  a  very  dry 
atmosphere,  the  rubbers  being  in  good  order,  and  tbe  machine  bein^ 
turned  rapidly,  a  characteristic  sound  is  heard,  which  is  an  indication 
of  continuous  discharge  into  the  air.  In  the  dark,  luminous  appear- 
ances called  brushes  are  seen  on  the  projecting  parts  of  the  con- 
ductors. They  may  be  rendered  very  conspicuous  by  presenting  a 
large  conducting  surface  at  a  distance  a  little  too  great  for  a  spark 
to  pass.     It  will  tlien  be  observed  that  the  brush  consists  (Fig.  363) 


of  a  short  foot-etalk,  witb 
a  multitude  of  rays  di- 
verging fi'om  it  like  a  fan, 
and  with  other  smaller 
ramifications  proceeding 
from  these.  Positive  elec- 
tricity gives  larger  and 
finer  brushes  than  nega- 
tive. We  may  add,  that, 
when  the  machine  is 
working  well,  brilliant 
sparks  continually  leap 
across  the  plate,  consist- 
ing of  discharges  between 
the  cushions  and  the  near- 
est port  of  the  conductor. 
The  conductor  itself  is 
abo  surrounded  with  lu- 
minosity. In  the  dark, 
the  brilliant  spectacle  pre- 
sented by  these  combined 
appearances,  with  the  con- 
tinual crackling  which  ac- 
companies them,  is  very 
impressive,  and  furnbhed 
an  inexhaustible  subject 
of  curiosity  to  the  elec- 
tricians of  last  century. 

It  is  probable  that  the 
passage  of  a  spark  is 
always  preceded  by  a  very 
high  degree  of  polar  ten- 
sion in  all  the  particles  ol 
air  in  and  about  its  track, 
and  that  the  spark  occurs 
^rhen  this  tension  any- 
where exceeds  what  tlie 
particles  are  able  to  bear. 
The  frequent  crookedness 
of  the  spark  is  probably 
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due  to  the  presence  of  conductiDg  particles  of  dust,  which  serve  as 
stepping-stones,  and  render  a  crooked  coarse  the  easiest. 

437.  Duration  of  the  Spark. — We  can  form  no  judgment  of  the 
duration  of  the  electric  spark  from  what  we  see  with  the  unaided 


eye ;  for  impressions  made  upon  the  retina  remain  unefiaced  for  some- 
thing like  i5  of  a  second,  and  the  dui-atioa  of  the  spark  is  incompar- 
ably less  than  this.     Wheatstone,  in  a  classical  experiment,  succeeded 
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in  measuring  its  duratioa  by  means  of  a  revolving  mirror ;  an  exped- 
ient which  has  since  been  employed  with  great  advantage  in  many 
other  researches,  especially  in  determining  the  velocity  of  light. 

Let  vm  (Fig.  364)  be  a  mirror  revolving  with  great  velocity 
ahout  an  axis  pasaing  through  c, 
and  suppose  that,  during  the 
rotation,  an  electric  spark  in  pro- 
duced at  a.  An  eye  stationed  at 
0  will  see  an  image  in  the  sym- 
metrical position  a.  If  the  spark 
is  strictly  instantaneous,  its  image 
will  be  seen  as  a  luminous  point 
at  a,  not  wi  til  standing  the  rota- 
tion of  the  mirror;  but  if  it  has 
a  finite  duration,  the  image  will 
move  from  a'  to  a",  while  the 
mirror  moves  &om  ee'  to  tt\  the 
latter  being  its  position  when  the 
spark  ceasea  What  is  actually 
seen  in  the  mirror  will  therefore 

not  be  a  point,  but  a  luminous  Fig.  sm.— Dnntionofspuk. 

track  a'a". 

The  length  of  this  image  .will  be  double  of  the  arc  et ;  for  the 
angle  ect  at  the  centre  is  equal  to  the  angle  a'aa"  at  the  circum- 
ference, the  sides  of  the  one  being  perpendicular  to  those  of  tlie  other. 
In  Wheatstone's  experiment,  the  mirror  made  800  turns  in  a  second, 
and  the  image  a'a"  was  an  arc  of  24° ;  the  mirror  therefore  turned 
through  12°,  orjQ  of  a  revolution,  while  the  spark  lasted.  The  dura- 
tion of  the  apark  was  therefore  j^  of  ^,  that  is,  ^toiio  '^^  *  second. 

By  examining  the  brusb  in  the  same  way,  Wheatstone  found  it  to 
consist  of  a  succession  of  sparks. 

438.  Spark  in  Rarefied  aases. — The  appearance  of  the  spark  is 
greatly  modified  by  rarefying  the  air  in  which  it  is  taken.  To  show 
tliis,  an  apparatus  is  employed  which  is  called  the  electric  egg.  It  is 
an  oval  glass  vessel,  which  can  be  exhausted  by  means  of  a  atop-cock 
at  ite  lower  end.  Its  upper  end  is  closed  by  a  cap,  in  which  slides  a 
brass  rod  terminated  by  a  knob,  which  can  be  adjusted  to  any  dis- 
tance from  another  knob  connected  with  a  cap  at  the  lower  end. 

When  the  e^  contains  air  at  atmospheric  pressure,  a  spark  passes 
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in  the  ordinary  way  between  the  two  knobs;  but,  aa  the  pressure  is 
dimiDiebed,  the  aspect  of  the  spark  changes.  At  a  pressure  of  six 
centimetres  of  mercury  ( j^  of  an  atmosphere),  a  sort  of  ramified  sheaf 
proceeds  from  the  positive  knob,  some  of  the  rays  terminating  at,  n 


g.  SU.— Elactho  Eg|. 


Fig.  SH.— Spuk  In  RinllBd  Air. 


small  distance  ^om  their  origin,  while  others  extend  to  the  negative 
knob.  The  latter  is  surrounded  with  a  violet  glow ;  the  rays  are 
also  violet,  but  with  a  reddish  tinge.  The  light  at  the  positive  koob 
is  of  a  reddish  purple. 

As  the  pressure  is  gradually  reduced  to  a  few  millimetres,  the  mys 
become  less  distinct,  and  finally  coalesce  into  an  oval  cloud  of  pale 
violet  light,  extending  from  one  knob  to  the  other,  with  a  reddi^ 
tint  at  the  positive  and  a  deep  violet  at  the  negative  end. 

In  performing  this  experiment  witb  the  ordinary  electrical  machine, 
the  upper  knob  is  connected  with  the  conductor,  and  the  lower  one 
with  the  ground.     Holtz's  machine  can  be  very  advantageonsly 
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employed  in  experiments  of  this  kiDd,  its  two  poles  being  connected 
with  the  two  knobs. 

When,  instead  of  the  electric  egg,  we  employ  a  long  tube,  such  as 
is  employed  for  showing  the  fall  of  bodies  in  vacuo,  the  whole  length 
of  the  tube  is  filled  with  violet  light,  which  exhibits  continual  fiicker- 
ing,  and  suggests  the  idea  of  undulations  travelling  in  the  same 
direction  as  the  positive  electricity.  In  all  these  experiments,  as  we 
diminish  the  density  of  the  air,  we  diminish  the  resistance  to  dis- 
charge, and  at  the  same  time  diminish  the  intrinsic  brightness  of  the 
spark. 

In  the  Torricellian  vacuum,  electric  discharge  is  accompanied  by  a 
perceptible  though  very  feeble  luminosity,  as  may  be  shown  by  an 
arrangement  due  to  Cavendish,  and  represented  in  Fig.  367.     Two 
barometric  tubes,  united  at  the  top, 
are  plunged  in  two  cups  of  mercury. 
The  mercury  in  one  cup  is  connected 
with  the  conductor  of  the  machine, 
while  that  in  the  other  is  connected 
with   the  earth.     In  these  circum- 
stances, the  vacuum-space  is  filled 
with  luminosity,  which  is  brighter 
as  the  temperature  is  higher,  pro- 
bably on  account  of  the  greater  den- 
sity of  the  mercurial  vapour  which 
serves  as  the  medium  of  discharge 

The  experiments  of  Gassiot  and 
others  have  shown  that  electricity 
traverses  a  space  occupied  by  a  gas 
with  continually  increasing  facility 
as  the  density  of  the  gas  is  dimi- 
nished, until  a  certain  limit  is 
attained;    but    that   when    special 

means  are  employed  to  render  the     Fig.  b(t.— Dishing,  m  Toni«m*n  VMamn. 
vacuum  as  nearly  perfect  as  possible, 

this  limit  can  be  exceeded,  and  the  resistance  may  increase  bo  much 
as  to  prevent  discharge. 

This  latter  point  is  illustrated  by  the  apparatus  represented  in  Fig. 
368,  which  is  constructed  by  Alvergniat  T  is  a  tube  which  has  been 
exhausted  as  completely  as  possible  by  a  Geissler's  pump.  It  has 
then  been  heated,  and  maintained  for  some  time  near  th&  tempera- 
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ture  of  fusioB  of  glaaa,  ia  order  to  produce  absorption  of  the  renuun- 
ing  air.  Two  platinum  wires  have  been  previously  sealed  in  the  ends 
of  the  tube,  and  approach  within  j-^  of  a  millimetre  of  each  otier. 
The  two  poleu  of  a  Holtz's  machine  are  connected  with  the  binding- 
screws  B  and  B',  wbicb 
^   ^  are    in   conununicatioD 

witli  these  two  wires, 
and  also  with  two  rods 
whose  extremities  j>/>' 
are  at  a  moderate  strik- 
ing distance  from  each 
,  other  in  air.     As  long 

F  as  the  machine  works, 

1  sparks    pass     between 

these  latter,  while,  in 
spite  of  the  very  mueli 
closer  proximity  of  the 
platinum  wires,  no  lu 
ininosity  is  perceptible 
between  tliem.  Instead 
^  of  being  placed  a  small 
distance  apart  in  nir,  j) 
and  p'  may  be  Htted 
into  the  ends  of  a  tube 
Fif.  ses.— MonmndiutidtrafpufHtvunimL  of  Considerable  length 

containing  rarefied  tur. 
It  will  be  found  that  discharge  can  take  place  at  greater  distance 
as  the  air  is  more  rarefied,  till  we  attain  a  limit  far  beyond  the  reach 
of  ordinary  air-pumpa 

439.  Colour  of  the  Spark. — The  colour  of  the  spark  or  other  lumin 
Qus  discharge  depends  partly  on  the  material  of  the  conductors 
between  which  it  passes,  and  partly  on  the  gaseous  medium  whii^ 
it  traverses  The  former  influence  predominates  when  the  spark  is 
strong,  the  latter  when  it  b  weak.  The  eflect  of  the  metal  seems  to 
depend  upon  the  vaporization  of  a  portion  of  it,  for,  on  examining  the 
spark  by  the  spectroscope,  bright  lines  are  seen  which  are  known  to 
indicate  the  presence  of  metallic  vapour.  For  studying  the  effect  of 
the  gaseous  medium,  the  discharge  is  taken  between  two  platinum 
wires  sealed  into  the  ends  of  glass  tubes,  containing  the  gases  in  a 
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rarefied  condition.  The  wires  are  connected  either  with  the  poles  of 
a  Holtz's  machine,  or  of  a  RuhmkorS's  coil,  which  we  shall  describe 
'  io  Chap.  lii.  It  is  found  that  the  colour-  in  air  or  oxygen  is  white 
with  a  tinge  of  blue,  in  nitrogen  blue,  in  hydrogen  red,  and  in 
carbonic  acid  green. 

440.  HnltipUcation  of  the  Electric  Spark. — The  old  electricians 
contrived  several  pieces'  of  apparatus  for  multiplying  the  electric 
spark.  The  principle  of  all  ia  the  same.  Small  squares  of  tin-foil 
are  arranged  in  series  at  a  small  distance  

from  each  other  on  an  insulating  surface. 
The  first  of  the  series  is  connected  with  a 
metallic  knob  which  can  be  brought  near  the 
electrical  machine;  and  the  last  of  them  is 
connected  with  another  knob  which  is  in 
communication  with  the  earth.  By  allowing 
a  discharge  to  pass  through  the  series,  sparks 
can  he  simultaneously  obtained  at  all  the 
intervals  between  the  successive  squares. 

In  the  Bpangled  tvhe  (Fig.  370)  the  squares 
of  tin-foil  ai-e  arranged  spirally  along  a  cylin- 
drical glass  tube  which  has  a  brass  cap  at 
each  end.  One  cap  is  put  in  communication 
with  the  mfa,chine,  and  the  other  with  the 
earth. 

Sometimes  a  glass  globe  is  substituted  for 
the  cylinder.  We  have  thus  the  spangled 
globe  {Fig.  S71). 

In  the  sparkling  paTw  a  long  strip  of 
tin-foil  is  disposed  in  one  continuous  ci'ooked 
line  (consisting  of  parallel  strips  connected 
at  alternate  ends)  from  a  knob  at  the  top  to 
another  knob  at  the  bottom  of  the  pane, 
pattern  is  then  traced  by  scratching  away         ou~  spufi^r^be 

the  tin-foil  in  numerous  places  with  a  point, 

and  when  the  spark  passes,  it  is  seen  at  all  these  places,  so  as  to 
render  the  pattern  luminous  [Fig.  372). 

441.  FbyBiologioal  Effects  of  the  Spark:  Electric  Shock. — When  a 
strong  spark  is  drawn  .by  presenting  the  hand  to  the  conductor  of 
a  very  large  and  powerful  machine,  a  peculiar  sensation  is  experi- 
enced.    With  ordinary  machines  the  same  effect  can  be  obtained  by 


Pig.  set.— Tub* 


554  EXPEBIMEMTS  WITH   THE  ELfXTRlCAL  MACHINE 

employing  a  Leyden  jar.  The  sensation  is  difficult  to  describe,  and 
only  capable  of  being  produced  by  electrical  agency.  It  is  a  painfiil 
shock,  felt  especially  in  tbe  arm,  and  causing  an  involuntary  bending 
of  the  elbow. 

At  the  distance  of  a  few  feet  from  a  machine  in  powerful  action, 
a  tickling  sensation  is  felt  on  tbe  exposed  pai-ta  of  the  body,  dne  to 
the  movement  of  the  hairs  in  obedience  to  electrical  force.  These 
phenomena  are  exhibited  in  a  still  more  marked  manner  when  a 


Fig.  371.— 8paDgl*d  Qloba.  Vif.  »£.— 8)iU|l(d  FuM. 

person  stands  on  a  stool  with  glass  legs,  and  keeps  his  hand  upon 
tbe  conductor.  He  thus  becomes  highly  charged  with  electridtj. 
His  hair  stands  on  end,  and  is  luminous  if  seen  in  tbe  dark.  If  >• 
conductor  connected  with  the  earth  is  presented  to  him,  a  spwk 
passes,  and  his  hair  falls  again. 

Electricity  has  frequently  been  resorted  to  for  medical  purposes 
The  electrical  machine  was  first  employed,  and  afterwards  the  Leydea 
jar,  but  both  have  now  been  abandoned  in  favour  of  magneto-electnc 
machines  and  induction  coils,  which  we  shall  describe  in  a  later 
chapter  (Chap.  Hi.) 
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442.  ICecliuieal  and  Physical  Properties  of  the  Spark. — The  electric 
spark  produces  a  violent  commotion  in  the  medium  in  which  it 
occum  This  is  easily  shown  by  means  of  Kinnereley's  thermometer 
(Fig.  373),  which  consists  of  two  glass  tubes  of  unequal  dinmeters, 
the  smaller  being  open  at  the  top,  while  the  larger  is  completely 
closed,  with  the  exception  of  a  side  passage,  by  which  it  communi- 
cates with  the  smaller.  The  caps  which  close  the  ends  of  the  Urge 
tube  are  traversed  by  rods  terminating  in  knobs,  and  the  upper  one 
can  be  raised  and  lowered  to  vary  the  distance  between  the  knoba 
Both  tubes  are  filled,  to  a  height  a'  little  below  the  lower  knob,  with 
a  very  mobile  liquid  such  as  alcohol  When  the  spark  passes  between 
the  knobs,  the  liquid  is  projected  with  great  violence,  and  may  rise 


to  a  height  of  several  yards  if  the  spark  is  very  strong.  The  same 
property  of  the  spark  is  exhibited  in  the  experiment  of  the  electric 
mortar,  which  is  sufficiently  explained  by  the  figure  (Fig.  374). 

The  spark  may  be  obtained  in  the  interior  of  a  non-conducting 
liquid,  which  it  imitates  in  a  similar  manner.  If  the  liquid  is  con- 
tained in  a  closed  vessel,  this  is  often  broken.  The  spark  can  also 
traverse  thin  non-conducting  plates,  producing  in  this  case  perfora- 
tion of  the  plates;  but  the  experiment  usually  requires  very  powerful 
discharges,  such  as  can  only  be  obtained  by  means  of  apparatus 
described  in  the  next  chapter. 

The  luminosity  of  the  electric  spark  is  probably  due  to  the  very 
high  temperature  which  is  produced  in  the  particles  traversed  by  the 
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discharge.  Coal-gas  is  easily  inflamed,  by  a  person  standing  on  a 
stool  with  glass  legs  holding  one  hand  on  the  conductor  of  the 
machine,  and  giving  sparks  from  a  linger  of  the  other  hand  to  the 
burner  from  which  the  gas  is  issuing.  Kinnersley  r^arded  elevation 
of  temperature  as  the  cause  of  the  movement  of  the  liquid  is  his 
apparatus ;  hence  the  name  which  it  bears. 

Heating  may  also  occur  in  the  case  of  conductora  This  is  shown 
by  the  influence  of  the  metal  upon  the  colour  of  the  spark,  and  it  may 
be  more  directly  proved  by  arranging  a  conductor  in  communication 


> 
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with  the  earth,  and  connected  by  an  exceedingly  fine  metallic  wire 
with  another  conductor.  When  the  latter  is  presented  to  a  very 
powerful  electrical  machine,  so  that  a  strong  spark  passes,  the  fine 
wire  is  sometimes  heated  to  redness. 

443.  Chemical  Properties  of  the  Spark. — The  electric  spark  is  able 
to  produce  very  important  chemical  eflects.  When  it  occurs  in  an 
explosive  mixture  of  two  parts  of  hydrogen  with  one  of  oxygen,  it 
causes  these  gases  instantly  to  combine.  This  experiment  is  usually 
shown  by  means  of  Volta's  pistol  (Fig.  375),  which  is  a  metallic  vessel, 
containing  the  mixture,  and  closed  by  a  cork.     Through  one  side 
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passes  an  insulated  metallic  rod  with  a  knob  at  each  end,  that  at  the 
inner  end  being  at  a  short  distance  from  the  opposite  side  of  the 
vessel,  so  that,  if  a  spark  is  given  to  the  exterior  knob,  a  spark  also 
passes  in  the  interior,  and  inflames  the  mixture.  Tliis  effect  is  accom- 
patiied  by  a  violent  detonation,  and  the  cork  is  projected  to  a  dis- 
tance. 

The  electric  spark  often  produces  a  reverse  effect — that  is  to  say, 
the  decomposition  of  a  compound  body ;  but  the  action  in  this  case 
is  gradual,  and  a  great  number  of  sparks  miiitt  be  passed  before  the 
full  effect  is  obtained.    Thus,  if  a  succession  of  sparks  be  passed  in 


He-  STS.— wind  from  Point*. 

the  interior  of  a  mass  of  ammonia,  contained  in  a  vessel  inverted  over 
mercury,  the  volume  of  the  gas  is  observed  to  undei^o  a  gradual 
increase,  until  at  length,  if  kept  at  constant  pressure,  the  volume  is 
exactly  doubled.  It  then  consists  of  a  mechanical  mixture  of  nitrogen 
and  hydrogen,  the  constituents  of  ammonia. 

Composition  and  decomposition  are  often  both  produced  at  once. 
Tims,  if  a  spark  is  passed  in  a  mixture  of  carburetted  hydrogen  and 
a  certain  proportion  of  oxygen,  the  former  gas  is  decomposed,  its 
hydrogen  combining  with  a  portion  of  the  oxygen  to  form  water, 
and  its  carbon  combining  with  another  portion  to  form  carbonic  acid. 
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Yesseln  intended  for  taking  the  electric  spark  in  gases  are  extensively 
used  in  chemistry,  and  are  called  eudiometers. 

444.  Wind  from  Points. — If  a  metallic  rod  terminating  in  a  point 
be  attached  to  the  conductor  of  the  electrical  machine,  electricity 
escapes  in  large  quantity  from  the  point,  which,  accordingly,  when 
viewed  in  the  dark,  is  seen  to  be  crowned  with  a  tuft  of  light  A 
layer  of  air  in  front  of  the  point  is  electrified  by  contact,  and  then 
repelled,  to  make  way  for  other  portions  of  air,  which  are  in  their 
turn  repelled.  A  continuous  current  of  air  is  thus  kept  up,  which  is 
quite  perceptible  to  the  hand,  and  produces  a  very  visible  effect  on 
the  flame  of  a  taper  (Fig.  376). 

The  electric  whirl  (Fig.  377)  consists  of  a  set  of  metallic  arms, 

radiating  horizontally  from  a  common  centre 
about  which  they  can  turn  freely,  and  bent, 
all  in  the  same  direction,  at  the  ends,  which 
are  pointed.  When  the  central  support  is 
mounted  on  the  conductor  of  the  machine, 
the  arms  revolve  in  a  direction  opposite  to 
that  in  which  their  ends  point.  This  effect 
is  due  to-  the  mutual  repulsion  between  the 
pointed  ends  and  the  electrified  air  which 
flows  off  from  them. 

It  is  instructive  to  remark  that  if,  by  a 

special   arrangement,  the   rotating   part  be 

inclosed  in  a  well-insulating  glass  case,  the 

rotation  soon  ceases,  because,  in  these  circumstances,  the  inclosed  air 

quickly  attains  a  state  of  permanent  electrification. 

445.  Electric  Watering-pot. — Let  a  vessel 
containing  a  liquid,  and  furnished  with  very 
fine  discharge  tubes,  be  suspended  from  the 
conductor  of  the  machine.  When  the  vessel 
is  not  electrified,  the  liquid  comes  out  drop 
by  drop;  but  when  the  machine  is  turned, 
it  issues  in  continuous  fine  streams.  It  has. 
however,  been  observed  that  the  quantity 
discharged  in  a  given  time  is  sensibly  the 
same  in  both  casea  This  must  be  owing 
to  the  equality  of  action  and  reaction  be'  ween  different  parts  of  the 
issuing  stream. 


Fig.  877.— Eleetrio  Whirl. 


Fig.  878. -Electric  Bucket. 
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ELECTRICAL  POTENTIAL,   AND  LINES  OF   ELECTBIC   FORCE, 


445  a.  Introductory  Remarks  on  Potential. — Electrical  reasouings 
are,  in  many  cases,  greatly  facilitated  by  employing  the  conception 
denoted  by  the  name  electrical  potential. 

Potential  essentially  depends  upon  forces  (whether  attractive  or 
repulsive)  mutually  exerted  upon  each  other  by  particles  at  a  dis- 
tance, and  has  been  advantageously  employed  in  the  theories  of 
gravitation  and  magnetism,  as  well  as  of  electricity.  We  shall  at 
present  confine  our  attention  to  electrical  potential. 

All  the  space  in  the  neighbourhood  of  electrified  bodies  is  in  a 
certain  sense  pervaded  by  their  influence.  This  influence  is  com- 
pletely specified  by  stating  the  numerical  values,  with  proper  sign, 
of  electrical  potential,  at  the  different  points  of  the  space. 

Electrical  potential  never  changes  its  value  pei*  saltum  in  passing 
from  one  point  to  the  next.  Moreover,  if  it  is  constant  in  value 
throughout  any  finite  portion  of  a  space  not  containing  electricity, 
it  is  constant  throughout  the  whole  of  this  space. 

448 B.  Relation  of  Potential  to  Force. — When  electrical  potential  is 
constant  throughout  a  given  space,  there  is  no  electrical  force^  in  that 
space ;  and,  conversely,  if  there  be  an  absence  of  electrical  force  in  a 
given  space,  the  potential  throughout  that  space  must  be  uniform. 
These  propositions  apply  to  the  space  within  a  hollow  conductor. 
They  also  apply  to  the  whole  substance  of  a  solid  conductor,  and  to 
the  whole  space  inclosed  within  the  outer  surface  of  a  hollow  con- 

^  Dbfivition. — There  is  electrical  force  at  a  point  in  the  air,  if  an  electrified  particle 
placed  there  would  experience  force  tending  to  move  it  in  virtue  of  electrical  attraction  or 
repulsion.  There  ib  electrical  force  at  a  point  in  a  conductor,  when  electricity  flows  through 
the  point.  A  conductor  ifs  said  to  be  in  electrical  equilibrium,  when  there  is  no  electrical 
force  at  any  part  of  it;  in  other  words,  when  it  is  completely  free  from  currents  of  electri- 
city. 
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ductor.  Whenever  a  conductor  is  in  electrical  equilibrium,  it  has  the 
same  potential  throughout  the  whole  of  its  substance,  and  also  through 
any  completely  inclosed  hollows  which  it  may  contain. 

When  a  conductor  is  not  in  electrical  equilibrium,  currents  set  in, 
tending  to  restore  equilibrium ;  and  the  direction  of  such  currents  is 
always  from  places  of  higher  to  places  of  lower  potential  In  like 
manner,  when  a  small  positively  electrified  body  experiences  elec- 
trical force  tending  to  move  it,  the  direction  of  this  force  is  frprf* 
higher  to  lower  potential 

When  flow  of  electricity  is  compared  with  flow  of  heat,  potential 
is  the  analogue  of  temperature.  Heat  flows  from  places  of  higher  to 
places  of  lower  temperature. 

The  precise  direction  of  the  force  exerted  upon  a  positively  electri- 
fied particle  (or  upon  an  element  of  positive  electricity),  when  brought 
to  a  place  where  potential  has  not  a  constant  value  from  point  to 
point,  is  the  direction  in  which  potential  diminishes  most  rapidly. 
A  negatively  electrified  particle  (or  an  element  of  negative  electricity} 
will  be  urged  in  the  opposite  direction,  which  is  the  direction  in 
which  potential  increases  most  rapidly.  We  here  use  the  words 
increase  and  decrease  in  the  algebraical  sense. 

445c.  Line  of  Force. — The  direction  thus  defined  (especially  by  re- 
ference to  the  force  on  the  positive  particle)  is  called  the  direction  of 
resultant  electi^ical  force  at  the  point  where  the  particle  is  placed. 
If  a  line  be  traced  such  that  every  small  portion  of  it  (small  enough 
to  be  regarded  as  straight)  is  the  direction  of  resultant  electrical  force 
at  the  points  which  lie  upon  it,  it  is  called  a  line  of  force;  in  other 
words,  a  line  of  force  is  a  line  whose  tangent  at  any  point  is  the 
direction  of  resultant  electrical  force  at  that  point  We  may  express 
this  briefly  by  saying  that  lines  of  electrical  force  are  the  lin^  alo7ig 
which  resultant  electrical  force  acts. 

It  is  evident  that  lines  of  force  cannot  cut  one  another,  since  ¥re 
cannot  have  two  diflferent  directions  of  resultant  force  a^  a  point 

445  D.  Intensity  of  Force  is  Equal  to  Rate  of  Variation  of  PotentiaL — 
The  intensity  of  resultant  force  at  a  point  is  equal  to  the  rate  at 
which  potential  diminishes  in  the  direction  in  which  the  diminution 
is  most  rapid,  namely,  along  a  line  of  force  at  the  point.  Let  V  denote 
the  potential  at  the  point,  and  V— 3  V  the  potential  at  a  neighbouring 
point  on  the  same  line  of  force,  at  a  distance  is  from  the  first  point; 

then  ^  is  the  intensity  of  force  at  either  point,  or,  more  strictly,  is 
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the  average  intensity  along  the  short  line  is,  and  the  direction  of  the 
force  (for  a  positive  particle)  is  from  the  first  point  towards  the 
second. 

A  similar  proposition  applies  to .  two  neighbouring  points  not 
situated  on  the  same  line  offeree;  the  component  force,  in  the  direc- 

tion  of  a  line  joining  them,  is  equal  to  j^,  where  ix  denotes  the 

length  of  the  joining  line,  and  3V  the  diflFerence  of  the  potentials  of 
the  two  points.  This  proposition  is  usually  expressed  by  saying  that 
the  rate  of  variation  of  potential  in  any  direction  is  equal  to  the 
component  force  in  that  direction. 

445e.  Relation  between  Potential  and  Work. — The  work  done  by 
or  against  electrical  force  in  carrying  a  unit  of  electricity  through 
this  distance  lx\&  the  ppoduct  of  force  by  distance,  and  is  therefore 
simtply  3V.  More  generally,  the  work  done  by  or  against  electrical 
force  in  carrying  a  unit  of  electricity  from  one  point  to  another,  is 
equal  to  the  difference  of  potentials  of  the  two  points;  and  the  work 
done  in  carrying  any  quantity  of  electricity  is  the  product  of  this 
quantity  by  the  difference  of  potentials. 

An  analogy  is  thus  suggested  between  different  potentials  and 
different  levels.  Positive  electricity  tends  to  run  down  from  higher 
to  lower  potential,  and,  when  it  does  so  run  down,  there  is  a  loss  of 
potential  energy  equal  to  the  product  of  (lie  quantity  which  runs 
down,  and, the  difference  of  potential  through  which  it  runs  down. 
When  the  quantity  which  runs  down  is  unity,  the  loss  of  potential 
enei^  is  equal  to  the  loss  of  potential  It  is  usual  to  assume,  as 
the  zero  of  potential,  the  potential  of  the  earth  at  the  place  of 
observation;  but  this  assumption  is  not  rigorously  consistent  with 
itself,  since  the  existence  of  earth-currents  demonstrates  that  dif- 
ferent potentials  may  exist  at  different  parts  of  the  earth.  Elec- 
trical potential  is  rigorously  zero  at  places  infinitely  distant  from 
all  electricity. 

445  F.  Equipotential  Surfaces. — An  equipotential  surface  is  a  surface 
over  the  whole  of  which  there  is  the  same  value  of  potential  It  is 
obvious,  from  the  latter  part  of  §  445  D,  that  there  is  no  tangential 
force  at  any  point  of  such  a  surface.  The  direction  of  resultant  force 
is  everywhere  normal  to  the  surface,  or  equipotential  surfaces  every- 
"where  cut  lines  of  force  at  right  angles.  An  equipotential  surface  is 
the  analogue  of  a  level  surface.  If  two  equipotential  surfaces  are 
given,  their  potentials  being  Vj  and  V2,  the  work  done  in  carrying 
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a  unit  of  electricity  from  any  point  of  the  one  to  any  point  of  the 
other,  is  constant,  and  equal  to  the  difference  of  Y^  and  Y^ 

If  we  consider  two  equipotential  surfaces  very  near  to  one  another, 
so  that  the  portions  which  they  intercept  on  the  lines  of  force  may 
be  regarded  as  straight,  the  intensity  of  force  at  different  points  of 
the  intermediate  space  will  vary  inversely  as  the  distance  between 
the  two  equipotential  surfaces;  for,  when  equal  amounts  of  work  are 
done  in  travelling  unequal  distances,  the  forces  must  be  inversely  as 
the  distances. 

446  G.  Tubes  of  Force. — If  we  conceive  a  narrow  tube  bounded  on 
all  sides  by  lines  of  force,  and  call  it  a  tube  of  force,  we  can  lay  dowu 
the  following  remarkable  rules^  for  the  comparison  of  the  forces  which 
exist  at  different  points  in  its  length.  (1)  In  any  portion  of  a  ivhe 
of  force  not  containing  electricity,  the  intensity  of  force  varies 
inversely  cw  the  cross-section  of  the  tube,  or  the  product  of  intensUy 
of  force  by  section  of  tube,  is  constant.*  (2)  When  a  tube  of  force 
cuts  through  electricity,  this  product  changes,  frcin  one  side  of  this 
electricity  to  the  other,  by  the  amount  4eirq,  where  q  denotes  the 
quantity  of  the  electricity  inclosed  by  the  tube. 

The  following  are  particular  cases  of  (1) : — 

When  the  electricity  to  which  the  force  is  due  is  collected  in  a 
point,  the  lines  of  force  are  straight,  the  tubes  of  force  are  cones  (in 
the  most  general  sense),  and  the  law  of  force  becomes  the  law  of 
inverse  squares,  since  the  section  of  a  cone  varies  as  the  square  of  the 
distance  from  the  vertex.  These  results  also  apply  to  the  case  of 
electricity  uniformly  distributed  over  the  surface  of  a  sphere,  the 
common  vertex  of  the  cones  being  now  at  the  centre  of  the  sphere. 

When  the  electricity  consists  of  the  charges  of  two  oppositely 
electrified  parallel  plates,  whose  length  and  breadth  exceed  the  dis- 
tance between  them  (the  plates  being  conductors,  and  placed  opposite 
to  each  other),  the  lines  of  force  between  their  central  portions  are 
sensibly  straight  and  parallel,  the  tubes  of  force  are  therefore  cylin- 
ders (in  the  most  general  sense),  and  the  force  is  constant,  being  equal 
to  the  difference  of  the  potentials  of  the  plates  divided  by  the  dis- 

*  For  the  proof  of  these  rules,  as  mathematical  deductions  frpm  the  law  of  inverse  sqauct) 
see  Thomson  and  Tait's  Natural  Philosophy,  §§  490,  492. 

'  This  is  obviously  analogous  to  the  law  which  applies  to  the  comparison  of  the  velocities 
of  a  liquid  in  different  parts  of  a  tube  through  which  it  flows,  since  the  product  of  area  by 
velocity  is  the  volume  of  liquid  which  flows  past  any  section  in  unit  time.  The  tube  m*^ 
be  an  imaginary  one,  bounded  by  lines  of  flow  in  a  large  body  of  liquid  flowing  steadily 
Lines  of  flow  are  thus  the  analogues  of  lines  of  force. 
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tance  between  them.  The  same  thing  holds  if,  instead  of  being 
oppositely  electrified,  the  plates  are  similarly  electrified,  but  not  to 
the  same  potential. 

445h.  Force  Proportional  to  Number  of  Tubes  which  cut  Unit  Area. 
— The  cross-sections  of  tubes  of  force  are  portions  of  equipotential 
surfaces.  If  one  equipotential  surface  be  divided  into  portions,  such 
that  the  product  of  area  hy  force-intensity  shall  be  the  same  for  all, 
then,  if  all  neighbouring  space  not  containing  electricity  be  cut  up 
into  tubes,  springing  from  these  portions  as  their  respective  bases, 
the  product  of  any  cross-section  of  any  one  of  these  tubes  by  the 
force-intensity  over  it  will  be  constant.  The  force-intensities  at  any 
points  in  this  space  are  therefore  inversely  as  the  cross-sections  of  the 
tubes  at  these  points,  or  are  directly  as  the  number  of  tubes  per  unit 
area  of  equipotential  surfaces  at  the  points. 

445 1.  Force  just  Outside  an  Electrified  Conductor. — Since  there  is 
no  force  in  the  interior  of  a  conductor,  the  lines  and  tubas  of  force 
become  indeterminate;  but  proposition  (2)  of  §  445 G  can  be  shown 
to  hold  when  we  give  them  any  shape  not  discontinuous.  Let  p 
denote  the  electric  density  at  a  point  on  the  surface,  and  a  a  small 
area  around  this  point,  which  area  we  shall  regard  as  a  section  of  a 
tube  of  force  cutting  through  the  surface.  Let  F  denote  intensity  of 
force  just  outside  the  surface  opposite  this  point,  then,  since  the 
intensity  inside  is  zero,  we  have 

F  a  =  4irg  =  4irpa    .'.Fs^t/); 

that  is,  the  intensity  of  force  just  outside  any  part  of  the  surface  of 
a  charged  conductor,  is  equal  to  the  product  of  4^v  into  the  density 
at  the  nearest  part  of  the  surface.  . 

445j.  Relation  of  Induction  to  Lines  and  Tubes  of  Force. — Lines  of 
force  are  also  the  lines  along  which  induction  takes  place.  On 
Faraday's  theory  of  induction  by  contiguous  particles,  the  line  of 
poles,  for  any  particle,  is  coincident  with  the  line  of  force  which 
passes  through  the  particle.  Apart  from  all  theory,  it  is  matter  of 
fact  that  a  tvJbe  of  force  extending  from  an  influencing  to  an 
imfluenced  conductor^  and  n^t  containing  any  electricity  in  the 
interval  between,  has  equal  quantities  of  electricity  on  its  two  ends, 
these  quantities  being  of  opposite  sign  This  equality  follows  at 
once  from  §  445  G  (2),  if  we  consider  the  tube  as  penetrating  the  two 
conductors ;  for  the  product  of  force  by  section,  which  is  constant  for 
the  portion  of  the  tube  in  air,  is  zero  in  both  conductors;  and  the 
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quantity  of  electricity  on  either  end  of  the  tube  must  be  the  quotient 
of  this  constant  product  by  4ir  In  connection  with  this  reasoning, 
it  is  to  be  remarked  that  the  surface  of  a  conductor  is  an  equipoten 
tial  surface,  and  is  cut  at  right  angles  by  lines  of  force. 

In  Faraday's  ice-pail  experiment,  a  tube  of  force  springing  from 
the  upper  side  of  the  charged  ball,  and  of  such  small  section  at  its 
origin  as  to  inclose  only  an  insensible  fraction  of  the  charge  of  the 
ball,  opens  out  so  fast,  as  it  advances,  that  it  fills  the  whole  opening 
at  the  top  of  the  paiL 

In  «very  case  of  induction,  the  total  qaantitiea  of  inducvng  wnd 
induced  electricity  are  equal,  and  of  opposite  sigTU 

When  the  inducing  electricity  resides  in  or  upon  a  non-conductor, 
for  example  on  the  surface  of  a  glass  rod,  or  in  the  substance  of  a 
mass  of  air,  the  quantity  of  electricity  induced  on  the  base  of  a  tube 
of  force  is  equal  and  opposite  to  the  quantity  contained  within  the 
tube.  In  the  simplest  case,  all  the  tubes  will  have  a  common  apex, 
which  will  be  a  point  of  maximum  or  minimum  potential 

446 X.  Potential  defined  as  2^. 

r 

The  resultant  potential  at  a  point,  due  to  several  different  quan- 
tities of  electricity,  is  the  algebraical  sum  of  the  potentials  due  to  the 
different  quantities  separately  considered.  This  would  follow  at  once 
from  the  relation  above  indicated  as  existing  between  potential  and 
work. 

If  the  unit  of  quantity  of  electricity  be  defined  as  that  quantity 
which,  at  unit  distance,  produces  unit  intensity  of  force,  it  can  be 
shown  ^  that  the  whole  work  done  by  or  against  the  force  of  an 
element  g,  in  bringing  a  unit  of  electricity  from  infinite  distance  to 

a  point  at  a  distance  r  from  the  element,  is  j.     This  expression 

therefore  denotes  the  potential  due  to  q  at  the  distance  r,  if  we  adopt 
the  very  natural  convention  that  the  potential  at  infinite  distance 
shall  be  reckoned  zero. 

The  resultant  potential  at  a  point,  due  to  the  presence  of  any 
quantity  of  electricity  distributed  in  any  way,  is  to  be  computed  by 
dividing  the  electricity  into  elements,  each  occupying  so  little  space 
that  all  parts  of  it  may  be  regarded  as  at  the  same  distance  from  the 

point,  and  summing  all  the  quotients  — .  The  distances  denoted  by  v 
are  essentially  positive.     If  the  electricity  is  not  all  of  one  sign,  some 

*■  See  Thomson  and  Tait,  §  491,  first  paragraph. 
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of  the  quotients  |  will  be  positive,  and  others  negative,  and  their 

algebraical  sum  is  to  be  taken. 

446 1.  Application  to  Sphere. — In  the  case  of  a  charged  conducting 
sphere,  all  the  elements  q  are  equally  distant  from  the  centre  of  the 

sphere,  and  the  sum  of  the  quotients  y,  when  we  are  computing  the 

potential  at  the  centre,  will  be  ^,  Q  denoting  the  charge,  and  R  the 

radius  of  the  sphere.    -But  the. potential  is  the  same  at  all  points  in 

a  conductor.     ^  is  therefore  the  potential  of  a  sphere  of  radius  R, 

with  charge  Q,  when  uninfluenced  by  any  other  electricity  than  its 
own. 

445m.  Capacity. — The  electrical  capacity  of  a  conductor  is  the  quan^ 
tity  of  electricity  required  to  charge  it  to  unit  potential,  when  it  is 
not  influenced  by  any  other  electricity  besides  its  own  charge  and 
the  electricity  which  this  induces  in  neighbouring  conductors.  Or, 
since,  in  these  circumstances,  potential  varies  directly  as  charge, 
capaxjity  may  be  defined  as  the  qvx)tient  of  charge  by  potential.  Let 
C  denote  capacity,  V  potential,  and  Q  charge,  then  we  have 

0  =  5      ;      v=g       ;      Q  =  vc. 

But  we  have  seen  that,  for  a  sphere  of  radius  R,  at  a  distance  from 
other  conductors  or  charged  bodies,  V  =  ^.     Hence  C=R;  that  is, 

the  capacity  of  a  sphere  is  numerically  equal  to  its  radius. 

This  is  a  particular  instance  of  the  general  proposition  that  the 
capacities  of  similar  conductors  are  as  their  linear  dimensions;  which 
may  be  proved  as  follows: — 

Let  the  linear  dimensions  of  two  similar  conductors  he  ssl  :  n. 
Divide  their  surfaces  similarly  into  very  small  elements,  which  will 
of  course  be  equal  in  number.  Then  the  areas  of  corresponding 
elements  will  be  as  1  :  n',  and,  if  the  electrical  densities  at  cor- 
responding points  be  as  1  :  x,  the  charges  on  corresponding  elements 
are  as  I  :  n^x.  The  potential  at  any  selected  point  of  either  con- 
ductor is  the  sum  of  such  terms  as  |-  (§  445  K).  Selecting  the  cor- 
responding point  in  the  other  conductor,  and  comparing  potentials, 
the  values  of  q  are  as  1  :  n^x,  and  the  values  of  r  are  as  1  :  ti ;  there- 
fore the  values  of  ^  are  as  1  :  tio;  Hence  the  potentials  of  the  two 
conductors  are  as  1  :  noc    If  they  are  equal,  we  have  nx  =  1,  and 
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therefore  n^x  =  n;  that  is,  the  charges  on  corresponding  elements, 
and  therefore  also  on  the  whole  surfaces,  are  as  1  :  ti. 

We  shall  see,  in  the  chapter  on  Condensers,  that  the  capacity  of  a 
conductor  may  be  greatly  increased  by  bringing  it  near  to  another 
conductor  connected  with  the  earth. 

445  ir.  Connection  between  Potential  and  Induced  Distribution.— In 
the  circumstances  represented  in  Fig.  336  (§  412),  if  we  suppose  the 
influencing  body  C  to  be  positively  charged,  the  potential  due  to  this 
charge  will  be  algebraically  greater  at  the  near  end  A  of  the  in- 
fluenced conductor  than  at  the  remote  end  B.  The  induced  electri- 
city on  AB  must  be  so  distributed  as  to  balance  this  difierencei  in 
fact  the  potential  due  to  this  induced  electricity  is  negative  at  A  and 
positive  at  B.  All  cases  of  induced  electricity  upon  conductors  fall 
under  the  rule  that  the  potential  at  all  parts  of  a  conductor  mud  be 
the  same,  and  hence,  wherever  the  potential  due  to  iJie  infiuencing 
electricity  is  algebraically  greatest,  the  potential  due  to  the  electricity 
on  the  influenced  conductor  must  be  algebraically  leaM. 

As  there  can  be  no  force  in  the  interior  of  a  conductor,  the  force 
at  any  point  in  the  interior,  due  to  the  influencing  electricity,  must 
be  equal  and  opposite  to  the  force  due  to  the  electricity  on  the  sur- 
face of  the  conductor.  This  holds,  whether  the  conductor  be  solid  or 
hollow.  A  hollow  conductor  thus  completely  screens  from  external 
electrical  forces  all  bodies  placed  in  its  interior. 

445  0.  Electrical  Images. — If  a  very  large  plane  sheet  of  conducting 
material  be  connected  with  the  earth,  and  an  electrified  body  be 
placed  in  front  of  it  near  its  middle,  the  plate  will  completely  screen 
all  bodies  behind  it  from  the  force  due  to  the  electrified  body.  The 
induced  electricity  on  the  plate  therefore  exerts,  at  aU  points  behind 
the  plate,  a  force  equal  and  opposite  to  that  of  the  electrified  body, 
or,  what  is  the  same  thing,  a  force  identical  with  that  which  the 
electrified  body  would  exert  if  its  electricity  were  reversed  in  sign. 
But  electricity  distributed  over  a  plane  surface  must  act  symmetri- 
cally towards  both  sides.  Hence  the  force  which  the  induced  electri- 
city exerts  in  front,  is  identical  with  that  which  would  be  exerted  by 
a  body  precisely  similar  to  the  given  electrical  body,  symmetrically 
placed  behind  the  plane,  and  charged  with  the  opposite  electricity. 
The  total  force  at  any  point  in  fi-ont  of  the  plane  is  the  resultant  of  the 
force  due  to  the  given  electrified  body,  and  the  force  due  to  this  ima- 
ginary image.  The  name  and  the  idea  of  electrical  i/mages,  of  which 
this  is  one  of  the  simplest  examples,  are  due  to  Sir  W.  Thomson. 
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ELECTRICAL  CONDENSERS. 


445  P.  Condensers. — The  process  called  condensation  of  electHcity 
consists  in  increasing  the  capacity  of  a  conductor  by  bringing  near 
it  another  conductor  connected  with  the  earth.  The  two  conductors 
are  usually  thin  plates  or  sheets  of  metal,  placed  parallel  to  one 
another,  with  a  larger  plate  of  non-conducting  material  between 
them. 

Let  A  and  B  (Fig.  379)  be  the  two  conducting  plates,  of  which  A, 
called  the  collecting  plate,  is  connected 
with  the  conductor  of  the  machine,  and 
B,  called  the  condensing  plate,  with  the 
earth ;  and  let  C  be  the  non-conducting 
plate  (or  dielectric)  which  separates  them. 
Then,  if  the  machine  has  been  turned 
until  the  limit  of  charge  is  attained,  the 
surface  of  B  which  faces  towards  A  is 
covered  with  negative  electricity,  drawn 
from  the  earth,  and  held  by  the  attrac- 
tion of  the  positive  electricity  of  A ;  and, 
conversely,  the  surface  of  A  which  faces 
towards  B,  is  covered  with  positive  elec- 
tricity, held  there  by  the  attraction  of  the 
negative  of  B,  in  addition  to  the  charge 

which  would  reside  upon  it  if  the  conductor  were  at  the  existing 
potential,  and  B  and  C  were  absent  In  fact,  the  electrical  density 
on  the  &ce  of  A,  as  well  as  the  whole  charge  of  A,  would,  in  this 
latter  case,  be  almost  inappreciable,  in  comparison  with  those  which 
exist  in  the  actual  circumstances.  By  condensation  of  electricity, 
then,  we  are  to  understand  increase — usually  enormous  increase — 


Fig.  879.— TbeorBtieal  Condenaer. 
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of  electrical  density  on  a  given  surface,  attained  without  increase 
of  potential.  If  two  cooducting  plates,  in  other  respects  alike,  but 
one  with,  and  the  other  without  a  condensing  plate,  be  connected  by 
a  wire,  and  the  whole  system  be  electrified,  the  two  plates  will  have 
the  same  potential,  but  nearly  the  whole  of  the  charge  will  reside 
upon  the  face  of  that  which  is  accompanied  by  a  condensing  plate. 

445  a.  Calcnlation  of  Capacity  of  Condenser. — The  lines  of  force 
between  the  two  plates  A  and  B  are  everywhere  sensibly  straight 
and  perpendicular  to  the  plates,  with  the  exception  of  a  very  small 
space  round  the  edge,  which  may  be  neglected  The  tubes  of  force 
(§  445  g)  are  therefore  cylinders,  and  the  intensity  of  force  is  con- 
stant at  all  parts  of  their  length.  Also,  since  the  potential  of  tbe 
plate  B  is  zero,  if  we  take  V  to  denote  the  potential  of  the  plate  A, 
which  is  the  same  as  the  potential  of  the  conductor,  and  t  to  denote 
the  thickness  of  the  intervening  plate  C,  the  rate  at  which  potential 

varies  along  a  line  of  force  is  y,  which  is  therefore  (§  445  d)  the 

expression  for  the  force  at  any  point  between  the  plates  A,  B.  The 
whole  space  between  the  plates  may  be  regarded  as  one  cylindrical 
tube  of  force  of  cross-section  S  equal  to  the  area  of  either  plate,  the 
two  ends  of  the  tube  being  the  inner  faces  of  the  plates.  The  quan- 
tities of  electricity  i  Q  residing  on  these  faces  are  therefore  equal, 
but  of  opposite  sign  (§  445  j);  and  as  the  force  changes  from  nothing 

to  -  in  passing  from  one  side  to  the  other  of  the  electricity  which 
resides  on  either  of  these  surfaces,  we  have  (§  445  g) 

Hence  the  capacity  of  the  plate  A,  being,  by  definition,  equal  to  y- 

is  equal  to 

S 

iirt 

We  should,  however,  explain  that,  if  the  intervening  plate  C  is  a  solid 
or  liquid,  we  are  to  understand  by  t  not  the  simple  thickness,  bat  the 
thickness  reduced  to  an  equivalent  of  air,  in  a  sense  which  wiU  be 
explained  further  on  (§  453).  This  reduced  thickness  is,  in  the  case 
of  glass,  about  half  the  actual  thickness. 

If  8  denote  an  element  of  area  of  A,  and  q  the  charge  residing 
upon  it,  it  is  evident,  from  considering  the  tube  of  force  which  has  s 
for  one  of  its  ends,  that 
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a  .  V  .        . 

and  the  electric  density  j  on  the  element  is  equal  to  j^^  ,  which  is 

constant  over  the  whole  face  of  the  plate. 

To  give  a  rough  idea  of  the  increase  of  capacity  obtained  by  the 
employment  of  a  condensing  plate,  let  i^s  compare  the  capacity  of  a 
circular  disc  of  10  inches  diameter,  accompanied  by  a  condensing 
plate  at  a  reduced  distance  of  ^V  ^^  ^^  ^^c^»  wi^^  ^^^^  capacity  of  a 
globe  of  the  same  diameter  as  the  disc.  The  capacity  of  the  globe 
is  equal  to  its  radius,  and  may  therefore  be  denoted  by  5.     The 

capacity  of  the  disc  is  ^^  x^i  =  1 25,  or  25  times  the  capacity  of  the 

globe.     It  is,  in  fact,  the  same  as  the  capacity  of  a  globe  250  inches 
(or  20  ft.  10  in.)  in  diameter. 

446.  Discharge  of  Condenser. — If,  by  means  of  a  jointed  brass  dis- 
charger (Fig.   380)  with  knobs  M  N  at  the  ends,  and  with  glass 


Fig.  S80.  -Diioharge  of  Conaenaer.  Fig.  381.— Ditchaiger  without  HandlM. 

handles,  we  put  the  two  plates  A  and  B  in  communication,  a  brilliant 
spark  is  obtained,  resulting  from  the  combination  of  the  positive 
charge  of  A  with  the  negative  of  B,  and  the  condenser  is  discharged. 
When  the  quantity  of  electricity  is  smaU,  the  glass  handles  are  un- 
necessary, and  the  simpler  apparatus  represented  in  Fig.  381  may  be 
employed,  consisting  simply  of  two  brass  rods  jointed  together,  and 
with  knobs  at  their  ends,  care  being  taken  to  touch  the  plate  B, 
which  is  in  communication  with  the  earth,  before  the  other.  The 
operator  will  then  experience  no  shock,  as  the  electricity  passes  in 
preference  through  the  brass  rods,  which  are  much  better  conductors 
than  the  human  body.     If,  however,  the  operator  discharges  the 


570  l£LECTSICAL  COMDENSEBS. 

condenser  with  his  hands  by  touching  first  the  plate  B,  and  then  also 
the  plate  A,  tlie  whole  discharge  takes  place  through  his  arms  and 
chest,  and  he  experiences  a  severe  shock.  If  he  simply  touches  Uie 
plate  A,  while  B  remains  connected  with  the  earth  by  a  chain,  as  in 
Fig.  379,  he  receives  a  shock,  bat  leas  violent  than  before,  because 
the  discharge  has  now  to  pass  through  external  bodies  which  con- 
sume a  portion  of  its  energy.  If,  instead  of  a  chain,  B  is  connected 
with  the  earth  by  the  hand  of  an  assistant  touching  it,  he  too  will 
receive  a  shock  when  the  operator  touches  A. 

447.  Diflcovery  of  Caneiis. — The  invention  of  the  Leyden  jar  w»s 
brought  about  by  a  shock  accidentally  obtained.     Some  time  in  the 


Fig.  IBS.— EiptrlmtDtof  Cniuu. 

year  1746,  Cuneus,  a  pupil  of  Mnschenbroeck,  an  eminent  philoeopher 
of  Leyden,  wishing  to  electrify  water,  employed  for  this  purpose  a 
wide-mouthed  fiask,  which  he  held  in  his  hand,  while  a  chain  frooi 
the  conductor  of  the  machine  dipped  in  the  water  (Fig.  382).  When 
the  experiment  had  been  going  on  for  some  time,  he  wished  to  di^ 
connect  tlie  water  from  the  machine,  and  for  this  purpose  was  about 
tq  lift  out  the  chain ;  but,  on  touching  the  chain,  he  experienced  a 
shock,  which  gave  biin  the  utmost  consternation,  and  made  him  let 
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fall  the  flask.  He  took  two  daya  to  recover  himself,  and  wrote  to 
R^umur  that  he  would  not  expose  himself  to  a  second  shock  for  the 
crowQ  of  France.  The  news  of  this  extraordinary  experiment  spread 
over  Europe  with  the  rapidity  of  lightning,  and  it  was  eagerly 
repeated  everywhere.  Improvements  were  soon  introduced  in  the 
arrangement  of  the  flask  and  its  contents,  until  it  took  the  present 
form  of  the  Lejfden  Phial  or  Leyden  Jar.  It  is  easy  to  see  that  the 
eflect  obtained  by  Cuneus  depended  on  conden.'otion  of  electricity, 
the  water  in  the  vessel  serving  as  the  collecting  plate,  the  hand  as 
condensing  plate,  and  the  vessel  itself  as  the  dielectric.  When  he 
touched  the  chain,  the  two  oppositely  charged  conductors  were  put 
in  communication  through  the  operator's  body,  and  he  received  a 
shock. 

448.  Leyden  Jar. — The  Leyden  jar,  as  now  usually  constructed, 


Fll-  M3.— Lafdui  Ju.  Fig.  ag4.— Diichitge  of  Lfjdaa  Ju. 

consists  of  a  glass  jar  coated,  both  inside  and  out,  with  tin-foil,  for 
about  four-flfths  of  its  height  The  mouth  is  closed  by  a  cork, 
through  which  passes  a  metallic  rod,  terminating  ubove  in  a  knob. 
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and  connected  below  with  the  inner  coating,  either  by  a  chain  de- 
pending from  it,  or  by  pieces  of  metallic  foil  with  which  the  jar  is 
filled.  The  interior  of  the  jar  must  be  thoroughly  dry  before  it  is 
closed,  and  the  cork  and  neck  are  usually  covered  with  sealing- waz, 
and  shellac  varnish,  which  is  less  hygroscopic  than  glass.  The  Leyden 
jar  is  obviously  a  condenser,  its  two  coatings  of  tin-foil  performing 
the  parts  of  a  collecting  plate  and  a  condensing  plate.  If  the  inner 
coating  is  connected  with  the  electrical  machine,  and  the  outer  coat- 
ing with  the  earth,  the  former  acquires  a  positive,  and  the  latter  a 
negative  charge.  On  connecting  them  by  a  discharger,  as  in  Fig. 
384,  a  spark  is  obtained,  whose  power  depends  on  the  potential  of 
the  innet  coating,  and  on  its  electrical  capacity.  If  these  be  denoted 
respectively  by  V  and  C,  and  if  Q  denote  the  quantity  of  electricity 
residing  on  either  coating,  the  amount  of  electrical  energy  which  runs 
down  and  undergoes  transformation  when  the  jar  is  discharged,  is 

QV  =  CV«  =  ^. 

The  quantities  Q,  V,  C,  which  are,  properly  speaking,  the  charge, 
potential,  and  capacity  of  the  inner  coating,  are  usually  called  the 
charge,  potential,  and  capacity  of  the  jar. 

449.  Residual  Charge. — When  a  Leyden  jar  has  been  discharged 
by  connecting  its  two  coatings,  if  we  wait  a  short  time  we  can  obtain 
another  but  much  smaller  spark  by  again  connecting  them,  and  other 
sparks  may  sometimes  be  obtained  after  further  intervals.  These  are 
called  secondary  discharges,  and  the  electricity  which  thus  remains 
after  the  first  discharge  is  called  the  reaidvxd  charge.  Faraday's 
experiments  leave  little  room  for  doubt  that  they  depend  mainly 
upon  a  gradual  penetration  of  electricity  from  both  sides  into  the 
substance  of  the  glass,  to  a  very  small  depth,  but  sufficient  to  prevent 
the  electricity  which  has  so  entered  &om  at  once  escaping  to  ihe 
earth  when  connection  is  made.  Faraday  appeals  to  this  phenomenon 
as  strongly  confirming  his  view  that  the  diflTerence  between  con- 
ductors and  non-conductors  is  only  one  of  degree,  this  penetration 
being  only  an  extremely  slow  process  of  conduction.  A  small  part 
of  the  residual  charge  also  consists  of  electricity  spread  over  the  sur- 
face of  the  glass  be3'^ond  the  edges  of  the  coatings. 

The  whole  charge  of  the  outer  coating,  and  all  except  an  insigni- 
ficant portion  of  the  charge  of  the  inner  coating,  resides  on  the  side 
of  the  foil  which  is  in  contact  with  the  glass,  or,  more  probabl3', 
on  the  surfaces  of  the  glass  itself,  the  mutual  attraction  of  the  two 
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opposite  electricities  causing  them  to  approach  as  near  to  each  other 
as  the  glass  will  permit  This  is  illustrated  by  Franklin's  experi- 
ment of  the  jar  wiik  Tnovahle  coatings  (Fig,  385).  The  jar  is  charged 
iti  the  ordinary  way,  and  placed  on  an  insulsting 
stand.  The  inner  coating  is  then  lifted  out  by  a 
glaas  hook,  and  touched  with  the  hand  to  dis- 
charge it  of  any  electricity  which  it  may  retain. 
The  glass  is  then  lifted  out,  and  tlie  outer  coating 
also  dischiu^ed.  The  jar  is  then  put  together 
again,  and  is  found  to  give  nearly  as  strong  a 
spark  as  it  would  have  given  originally. 

460.  Discliarge  by  Alternate  Contacts. — In- 
stead of  discharging  a  Leyden  jar  at  once  by 
connecting  its  two  coatings,  we  may  gradually  ^z~^^ 

discharge  it  by  alternate  contacts.     To  do  this, 
we  must  set  it  on  an  insulating  stand  (or  other- 
wise insulate  both  coatings  from  the  earth),  and 
then  touch   the  two  coatings  alternately.     At 
every  contact  a  small  spark  will  be  drawn.   The 
coating  last  touched  has  always  rather  less  elec-         ^'S  ^:~J".'"^ 
tricity  upon  it  than  the  other,  hut  the  difference 
is  an  exceedingly  small  fraction  of  the  whole  charge,  and,  after  a 
great  number  of  sparks  have  been  drawn  by  these  alternate  con- 
tacts, we  may  atill  obtain  a  powerful  discharge  by  connecting  the 
two  coatings. 

The  quantities  of  electricity  thus  alternately  discharged  from  the 
two  coatings  form  two  decreasing  geometric  series,  one  for  each 
coating.  In  fact,  if  m  and  m'  be  two  proper  fractions  such  that, 
when  the  outer  coating  is  connected  with  the  earth,  the  ratio  of  its 
charge  to  that  of  the  inner  is  — m;  and,  when  the  inner  coating  is 
connected  with  the  earth,  the  ratio  of  ite  charge  to  that  of  the  outer 
is  —m',  we  have  the  following  series  of  values  :— 


Original  olutrgea +  Q  ...  -  m  Q 

After  Irt  conUct,       .    .    .    .     +  m'm  Q  ...  -  m  Q 

2d         , +B.'n.(J  ...  -BBl'Q 

8d      , +m''Di'Q  ...  -m'm'Q 

Ac.  Ac. 

The  quantities  dischaiged  from  the  inner  coating  are,  successively 

(1  —m'm)  Q  ,  m'm  (1  — m'm)  Q  ,  m'*m*  (1— m'm)  t 


m'm)  Q,  &c ;  and  the 
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quantities  successively  discbarged  from  the  outer,  neglecting  sign, 
are,  m  {1-m'm)  Q  ,  m'm»  (1-m'm)  Q,  m''m»  (1-w'm)  Q,  fct 

The  quantity  (1— m'm)  Q  discharged  at  the  first  contact,  repre- 
serita  that  portion  of  the  charge  ^  which  is  not  due  to  condensation ;  so 
that  the  actual  capacity  of  the  Leyden  jar  is  to  the  capacity  of  the 
inner  coating  if  left  to  itself  aa  1  :  1— m'm. 

The  discharge  by  alternate  contacts  can  be  effected  by  means  of  a 
carrier  suspended  between  two  bells,  as  in  Fig,  386.  The  rod  from 
the  inner  coating  ter- 
minates in  a  bell,  and 
the  outer  coating  is 
connected,  by  meana 
of  an  arm  of  tin,  with 
another  bell  supported 
on  a  metallic  colamn. 
An  insulated  metallic 
ball  is  suspended  be- 
tween the  two.  This 
^-  is  first  attracted  bythe 

-i  ~  positive    belL  .  Then, 

---  ~  being  repelled  by  thU 

----  and  attracted  by  the 

-^:;  other,    it    carries   its 

charge  of  positive  elec- 
Fig.  3sa.— Ait«iiMa  DiH^mrse.  tricity  to  the  negative 

bell,  and  receives  a 
charge  of  negative,  which  it  carries  to  the  positive  bell,  and  so  od 
alternately.  The  whole  apparatus  stands  upon  an  insulating  support 
It  is  not,  however,  necessary  that  the  carrier  should  be  insulated 
from  the  earth,  but  it  must  be  insulated  from  both  coatings. 

451.  Condensing  Power. — By  the  condensing  power  of  a  given 
arrangement  is  meant  the  ratio  in  which  the  capacity  of  the 
collecting  plate  is  increased  by  the  presence  of  the  condensing  plate, 
which  ratio,  as  we  have  seen  in  last  section,  is  equal  to  the  frac- 
tion i_^'^  •  Riess  has  investigated  its  amount  experimentally  under 
varying  conditions,  by  means  of  the  apparatus  represented  in  Fig- 
387,  which  is  a  modification  of  the  condenser  of  ^pinus.     It  consist:) 

'  This  portion  of  the  original  charge  is  Boid  to  be  fret,  and  the  reniaJniD;  portion  to  be 
6iiURiJ,  dUiimulated,  or  latent.     These  terma  are  applicable  to  all  cases  of  oondeniatioD. 
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of  two  metallic  plates  A  and  B,  supported  od  glass  pillars,  and 
travelling  on  a  rwl,  so  that  they  can  be  adjusted  at  different  dlstancea 
Between  them  is  a  large  glass  plate  C  A  is  charged  from  the 
machine,  fi  being  at  the  same  time  touched  to  connect  it  with  the 
ground.     The  electrical  density  on  the  anterior  face  of  A  was  ob- 


served by  means  of  Coulomb's  proof-plane  and  torsion-balance 
Riess'  experiments  are  completely  in  agreement  with  the  theory  laid 
down  in  the  preceding  sections  of  this  chapter;  for  example,  he  found, 
among  other  results,  that  the  condensing  power  was  independent  of 
the  absolute  charge,  and  that  it  varied  nearly  in  the  inverse  ratio  of 
the  distance. 

453.  Inflaenoe  of  the  Dielectric— Faraday  discovered  that  the 
amount  of  condensation  obtained  in  given  positions  of  the  two  con- 
ducting plates,  depended  upon  the  material  of  the  intervenhig  tiojv- 
conductor  or  dielectric.  The  annexed  figure  (Fig.  388)  represents  a 
modification  of  one  of  Faraday's  experiments.  A  is  an  insulated 
metallic  disc,  with  a  charge,  which  we  will  suppose  to  be  positive 
B  and  C  are  two  other  insulated  metallic  discs  at  equal  distances 
from  A,  each  having  a  small  electric  pendulum  suspended  at  its  back. 
Let  B  and  C  be  touched  with  the  hand ;  they  will  become  negatively 
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electriBed  by  induction,  but  their  negative  electricity  will  reside  only 
on  their  sides  which  face  towards  A,  and  the  pendulums  will  haog 
vertically.  If,  while  matters  are  in  this  condition,  we  move  B  nearer 
to  A,  we  shall  see  both  tlie  pendulums  diverge,  and,  on  testing,  ve 
shall  find  that  the  pendulum  B 
diverges  with  positive,  and  C  witL 
negative  electricity.  The  resBon 
is  obvious.  The  approach  of  B  to 
A  causes  increased  induction  be- 
tween them,  so  that  more  native 
is  drawn  to  the  &ce  of  B,  and 
positive  is  driven  to  its  back;  st 
the  same  time  the  symmetnol 
distribution  of  electricity  on  A  is 
disturbed,  a  portion  being  accu- 
mulated on  the  side  next  B  at  the 
expense  of  the  side  next  C.  Tbe 
inductive  action  of  A  upon  C  is 
thus  diminished,  and  a  portion  of 
the  negative  chai^  of  C  is  left  free  to  spread  itself  over  the  back, 
and  affect  the  pith-balL 

It  while  the  discs  are  in  their  initial  position,  B  and  C  being  equi- 
distant from  A,  and  the  pendulums  vertical,  we  interpose  between 
B  and  A  a  plate  of  sulphur,  shellac,  or  any  other  good  insulator,  the 
same  effect  will  be  produced  as  if  B  had  been  brought  nearer  to  A 
We  see,  then,  that  the  insulating  plate  of  a  condensing  arrangement 
serves  not  only  to  prevent  discharge,  but  also  to  increase  the  ioduc- 
tive  action  and  consequent  condensation,  as  compared  with  a  layer 
of  air  of  the  same  thickness ;  inductive  action  through  a  plate  of 
sulphur  or  shellac  of  given  thickness,  is  the  same  as  through  a  thinner 
plate  of  air.  The  numbers  in  the  subjoined  table  denote  the  thick- 
ness of  each'material  which  is  equivalent  to  unit  thickness  of  air. 
For  example,  the  mutual  induction  through  2-24  inches  of  sulphur 
is  the  same  as  through  1  inch  of  air.     These  numbers  are  called 


Fig.  ass.— Chu«*  of  DMum. 
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inductiTe  capacity  of  its  material  may  appropriately  be  called  the 
thickness  red/uctd  to  its  equivalent  of  air,  or  simply  the  reduced 
thickness. 

454.  Faraday's  Determinations. — Faraday,  to  whom  the  name  and 
discovery  of  epecific  inductive  capacity  are  due,  operated  by  com- 
paring the  capacities  of  condensers,  alike  in  all  other  respects,  hot 
differing  in  the  materials  employed  as  dielectrica  One  of  his  con- 
densers ia  represented  in  Fig-  389.  It  is  a  kind  of  Leyden  jar, 
containing  a  metallic  sphere  A,  attached  to 

the  rod  M,  and  forming  with  it  the  inner 
conductor.  The  outer  conductor  consists  of 
the  hollow  sphere  B,  divided  into  two  hemi- 
spheres which  can  be  detached  from  each 
other.  The  interval  between  the  outer  and 
inner  conductor  can  be  filled,  either  with  a 
cake  of  solid  non-conducting  material,  or 
with  gas,  which  can  be  introduced  by  means 
of  the  cock  R  The  method  of  observation 
and  reduction  will  be  best  understood  from 
an  example. 

The  interval  being  occupied  by  air,  the 
apparatus  was  charged,  and  a  carrier-ball, 
having  been  made  to  touch  the  summit  of 
the  knob  M,  was  introduced  into  a  Coulomb's        sptimc  indncuw^^it^. 
torsion-balance,  and   found   to  be  charged 

with  a  quantity  of  electricity  represented  by  250°  of  torsion.  When 
the  second  apparatus  was  precisely  similar  to  the  first,  it  was  found 
that,  on  contact  of  the  two  knobs,  the  charge  divided  itself  equally, 
and  the  carrier-ball,  if  applied  to  either  knob,  took  a  charge  repre- 
sented very  nearly  by  125°. 

The  conditions  were  then  changed  in  the  following  way.  The  first 
jar  still  containing  air,  the  interval  between  the  two  conductors  in 
the  second  was  filled  with  shellac.  It  was  then  found  that  the  air- 
jar,  being  charged  to  290°,  was  reduced,  by  contact  of  its  knob  with 
that  of  the  shellac-jar,  to  114°,  thus  losing  176°,  If  no  allowance  be 
made  for  dissipation,  the  capacities  of  the  air-jar  and  shellac-air  would 
therefore  be  as  114  :  176,  or  as  1  :  I'54,  and  the  specific  inductive 
capacity  of  shellac  would  be  1'54, 

455.  PolariBation  of  the  Dielectric. — As  the  interposed  non-con- 
ductor, or  dielectric,  modifies  the  mutual  action  of  the  two  electri- 
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cities  which  it  separates,  and  does  not  play  the  mere  passive  part 
which  waa  attributed  to'  it  before  Faraday  s  experiments,  it  is  natural 
to  conclude  that  the  dielectric  must  itself  experience  a  peculiar 
modification.  According  to  Faraday,  this  modification  consists  in 
a  polarization  of  its  particles,  which  act  inductively  upon  each  other 
along  the  lines  of  force,  and  have  each  a  positive  and  a  negative  side, 
the  positive  side  of  each  facing  the  negative  side  of  the  next  This 
polarization  is  capable  of  being  sustained  for  a  great  length  of  time 
in  good  non-conductors ;  but  in  good  conductors  it  instantly  leads  to 
discharge  between  successive  particles,  and  the  opposite  electricities 
appear  only  at  the  two  8urfao«u 

The  polarization  of  dielectrics  is  clearly  shown  in  the  following 
experiment.  In  a  glass  vessel  (Fig.  390)  is  placed  oil  of  turpentine, 
containing  filaments  of  silk  2  or  3  millimetres  long.  Two  metallic 
rods,  A,  B,  each  terminating  within  in  a  point,  are  connected,  one 


Fig.  390.— PolAmation  of  Dielectiio. 


with  the  ground,  and  the  other  with  an  electric  machine.  On  work- 
ing the  machine,  the  little  filaments  are  seen  to  arrange  themselves 
in  a  line  between  the  points,  and,  on  endeavouring  to  break  the  line 
with  a  glass  rod,  it  will  be  found  that  they  return  to  this  position 
with  considerable  pertinacity.  On  stopping  the  machine,  they  imme- 
diately fall  tq  the  bottom. 

An  experiment  of  Matteucci's  demonstrates  this  polarization  still 
more  directly.  A  number  of  thin  plates  of  mica  are  pressed  strongly 
together  between  two  metallic  plates.  One  of  the  metallic  plates  is 
charged,  while  the  other  is  connected  with  the  ground;  and,  on 
removing  the  metallic  plates  by  insulating  handles,  it  is  found  that 
all  the  mica  plates  are  polarized,  the  face  turned  towards  the  positive 
metal  plate  being  covered  with  positive  electricity,  and  the  other  feoe 
with  negative. 

459.  Limit  to  Thinness  of  Interposed  Plate.—- We  have  seen  (§  445 Q) 
that  the  capacity  of  a  condenser  varies  inversely  as  the  distance 
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between  the  collecting  and  the  condensing  plate.  But  if  this  dis- 
tance is  very  small,  the  resistance  of  the  interj^osed  dielectric  (which 
varies  directly  as  its  thickness)  may  be  insufficient  to  prevent  dis- 
charge, and  it  will  not  be  practicable  to  establish  a  great  diflFerence 
of  potential  between  the  two  plates.  We  may  practically  distinguish 
two  sorts  of  condensers,  one  sort  having  a  very  thin  dielectric  and 
very  great  condensing  power,  but  only  capable  of  being  charged  to 
feeble^  potential ;  the  other  having  a  dielectric  thick  enough  to  resist 
the  highest  tensions  attainable  by  the  electrical  machina  The 
Leyden  jar  comes  under  the  second  category.  The  first  includes  the 
electrophorus  (except  in  so  far  as  its  action  is  aided  by  the  metallic 
sole),  and  the  condenser  of  Yolta's  electroscope. 

460.  Tolta's  Condensing  Electroscope. — This  instrument,  which  has 
rendered  very  important  services  to  the  science  of  electricity,  difiers 
from  the  simple  gold-leaf  electro- 
scope previously  described  (§  415), 
in  having  at  its  top  two  metal  plates, 
of  which  the  lower  one  is  connected 
with  the  gold-leaves,  and  is  covered 
on  its  upper  face  with  insulating  var- 
nish, while  the  upper  is  varnished  on 
its  lower  face,  and  furnished  with  a 
glass  handle.  These  two  plates  con- 
stitute the  condenser.  In  using  the 
instrument,  one  of  the  two  plates  (it 
matters  not  which)  is  charged  by 
means  of  the  body  to  be  tested, 
while  the  other  is  connected  with 
the  earth.  They  thus  receive  oppo- 
site and  sensibly  equal  charges.   The 

upper  plate  is  then  lifted  oflT,  and  the  higher  it  is  raised  the  wider 
do  the  gold-leaves  diverge.  The  separation  of  the  plates  dimin- 
ishes the  capacity,  and  strengthens  the  potential  of  both,  one 
becoming  more  strongly  positive,  and  the  other  more  strongly 
negative.  This  involves  increase  of  potential  energy,  which  is 
represented  by  the  amount  of  work  done  against  electrical  attrac- 


Fig.  391. — Condenaing  Eloctroeoope; 


*  Strong  potential  is  potential  differing  very  much  from  zero  either  positively  or  nega- 
tively. Feeble  potential  is  potential  not  differing  much  from  zero.  Tensum  is  measured 
by  difference  of  potential;  and  when  the  earth  is  one  of  the  terms  of  the  comparison,  tension 
becomes  identical  with  potential. 
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tion  ID  sepai'atiog  the  plates.  No  inctrease  in  quantity  of  electricity 
is  produced  by  the  separation;  Iience  the  instrument  is  chiefly  ser- 
viceable in  detecting  the  presence  of  electricity  which  ia  available  in 
large  quantity  but  at  weak  potential.  The  glass  handle  of  the  upper 
plate  is  by  no  means  essential,  as  it  is  only  necessary  that  the  lower 
plate  should  be  insulated.  The  charge  may  be  given  by  induction; 
in  which  case  one  plate  must  be  connected  with  the  earth  while  the 
inducing  body  is  held  near  it,  and  the  other  plate  miist  be  kefit  con- 
nected with  the  earth  while  the  influencing  body  is  withdrawn. 
The  plates  wiU  then  be  left  charged  with  opposite  electricities,  that 
which  was  more  remote  from  the  influencing  body  having  acquired 
a  charge  similar  to  that  of  the  body.  For  inductive  charges,  how- 
ever, tlie  condensing  arrangement  serves  no  useful  purpose,  beyond 
enabling  the  electroscope  to  retain  its  cliai^  for  a  longer  time,  the 
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eflect  Anally  obtained  on  separating  the  plates  being  no  greater  than 
would  have  been  obtained  by  employing  only  the  lower  plate. 

461.  Leyden  Battery.^The  Leyden  battery  consists  of  a  number  of 
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Lejden  jare,  placed  in  compartnients  of  a  box  lined  with  tin-foil, 
which  serves  to  establish  good  connection  between  their  outer  coat- 
ings, while  their  inner  coatings  are  connected  by  brass  rods.  It  is 
advisBble  that  the  outer  coatings  should  have  very  free  communica- 
tion with  the  earth.  For  this  purpose  a  metallic  handle,  which  is  in 
metallic  communication  with  the  lining  of  the  box,  should  be  con- 
nected, by  means  of  a  chain,  with  the  gas  or  water  pipes  of  the 
building. 
The  capacity  of  a  Leyden  battery  is  the  sum  of  the  capacities  of 


Fig.  StS.^Uciiimbtri*  Flcniv 


the  jars  which  compose  it.  The  charge  is  given  in  the  ordinary  way, 
by  connecting  the  inner  coatings  with  the  conductor  of  the  machine. 
In  bad  weather  this  is  usually  a  very  difficult  operation,  on  account 
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of  the  large  quantity  of  electricity  required  for  a  full  charge,  and  the 
large  surface  from  which  dissipation  goes  on. 

Holtz's  machine  can  be  very  advantageously  employed  for  charging 
a  battery,  one  of  its  poles  being  connected  with  the  inner,  and  ihe 
other  \pth  the  outer  coatings.  In  dry  weather  it  gives  the  charge 
with  surprising  quicknesa 

462.  Lichtenberg'g  Figures. — An  interesting  experiment  devised  by 
lichtenberg  serves  to  illustrate  the  difference  between  the  physical 
properties  of  positive  and  negative  electricity. 

A  Leyden  jar  is  charged,  and  the  operator,  holding  it  by  the  outer 
coating,  traces  a  design  with  the  knob  on  a  plate  of  shellac  or  vul- 
canite. He  then  places  the  jar  on  an  insulating  stand,  to  enable  him 
to  transfer  his  hold  to  the  knob,  and  traces  another  pattern  on  the 
cake  with  the  outer  coating.  A  mixture  of  flowers  of  sulphur  and 
red-lead,  which  has  previously  been  well  dried  and  shaken  together, 
is  then  sprinkled  over  the  caka  The  sulphur,  having  become  nega- 
tively electrified  by  friction  with  the  red-lead,  adheres  to  the  pattern 
which  was  traced  with  positive  electricity,. while  the  red-lead  adheres 
to  the  other.  The  yellow  and  red  colours  render  the  patterns  very 
conspicuous.  The  particles  of  sulphur  (represented  by  the  inner 
pattern  in  Fig.  393)  arrange  themselves  in  branching  lines,  while  the 
red-lead  (shown  in  the  outer  pattern)  forms  circular  spots;  whence 
it  would  appear  that  positive  electricity  travels  along  the  surface 
more  easily  than  negative.  A  similar  difference  has  already  been 
pointed  out  between  positive  and  negative  brushes. 
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463.  Discharge  of  Batteries. — The  effects  produced  by  the  discharge  , 
of  ft  Leyden  jar  or  battery  differ  only  in  degree  from  those  of  an 
ordinary  electric  spark.     The  shock,  which  is  smart  even  with  a  small 
jar,  becomes  formidable  with  a  large  jar,  and  still  more  witli  a  battery 
of  jars. 

If  a  shock  is  given  to  a  number  of  persons  at  once,  they  must 
form  a  chain  by  holding  handa     The  person  at  one  end  of  the  chain 


must  place  his  hand  on  the  outer  coating  of  a  charged  jar,  and  the 
person  at  the  other  end  must  touch  the  knob.  The  shock  will  be 
felt  by  all  at  once,  but  somewhat  less  severely  by  those  in  the  centre. 
The  coated  pane,  represented  in  Fig.  391,  is  simply  a  condenser, 
consisting  of  a  pane  of  glass,  coated  on  both  sides,  In  its  central  por- 
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tion,  with  tin-foil.  Its  lower  coating  is  connected  with  the  earth  by 
a  chain,  and  a  charge  is  given  to  its  upper  coating  by  the  machine 
When  it  is  charged,  if  a  person  endeavours  to  take  up  a  coin  laid 
upon  its  upper  &ce,  he  will  experience  a  shock  as  soon  as  his  hand 
comes  near  it,  which  will  produce  involuntary  contraction  of  his  arm, 
and  prevent  bim  Jrom  taking  bold  of  the  coin. 

464.  Heating  of  Het&llic  Threads.— The  discharge  of  electricity 
through  a  conducting  system  produces  elevation  of  temperature,  the 
amount  of  heat  generated  being  the  equivalent  of  the  potential 
energy  which  runs  down  in  the  discharge,  and  which  is  jointly  pro- 
portional to  quantity  of  electricity  and  difference  of  potential.  The 
incandescence  of  a  fine  metallic  thread  can  be  easily  produced  by  the 
discharge  of  a  battery.  The  thread  should  be  made  to  connect  the 
knobs  a  6  of  an  apparatus  called  a  universal  discharger;  these  knobs 


being  the  extremities  of  two  metallic  arms  supported  on  glass  stems. 
One  of  the  arms  is  connected  with  the  external  surface  of  the  battery, 
and  the  other  arm  is  then  brought  into  connection  with  the  internal 
surface  by  means  of  a  discharger  with  glass  handles.  At  the  instant 
of  the  spark  passing,  the  thread  becomes  red-hot,  melts,  bums,  or 
volatilizes,  leaving,  in  the  latter  cases,  a  coloured  streak  on  a  sheet 
of  paper  c  placed  behind  it  When  the  thread  is  of  gold,  this  streak 
is  purple,  and  exactly  resembles  the  marks  left  on  walls  when  bell- 
pulls  containing  gilt  thread  are  struck  by  lightning. 

466.  Electric  Portrait. — The  volatilization  of  gold  is  employed  in 
producing  what  are  called  electric  portraits.     The  outline  of  a  por- 
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trait  of  Fraoklin  is  executed  in  a  thin  card  by  cutting  away  narrow 
strips.  Two  sheets  of  tin-foil  are  gummed  to  opposite  edges  of  the 
card,  which  is  then  laid  between  a  gold-leaf  and  another  card.  The 
whole  is  then  placed  in  a  press  (Fig.  396),  the  tin-foil  being  allowed 


to  protrude,  and  strong  pressure  is  applied.     The  press  is  placed 

on  the  table  of  the  universal  discharger,  and  the  two  knobs  of  the 

latter  are  connected  with  tlie 

two  sheets  of  tin-foil     The 

discharge  is  then  paased,  the 

gold  is  volatilized,  and  the 

vapour,  passing  through  the 

slits  to  the  white  card  at  the 

back,  leaves  purple  traces 

which  reproduce  the  design.    (■"  "' 

466.  Velocity  of  Blectri-  I ' 
city, — Soon  after  the  in- 
vention of  the  Leyden  jar, 
various  attempts  were  made 
to  determine  the  velocity 
with  which  ttie  discharge 
travels  through  a  conductor 
connecting  the  two  coat- 
ings. Watson,  about  IT^S,  took  two  iron  wires,  each  more  than  a 
mile  long,  which  lie  arranged  on  insulating  supports  in  such  a  way 
that  all  four  ends  were  near  together.  He  held  one  end  of  each  wire 
in  his  hands,  while  the  other  ends  were  connected  with  the  two  coat- 
jngB  of  a  charged  jar.  Although  the  electricity  had  more  than  a  mile 
to  travel  along  each  wire  before  it  could  reach  his  hands,  he  could 
never  detect  any  interval  of  time  between  the  passage  of  the  spark 
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from  the  knob  of  the  jar  and  the  shock  which  he  felt  The  velodtj 
was  in  fact  far  too  great  to  be  thus  measured. 

Wheatstone,  about  1836,  investigated  the  subject  with  the  aid  of 
the  revolving  mirror  of  which  we  have  spoken  above  (§  437j.  He 
connected  the  two  coatings  of  a  Leyden  jar  by  means  of  a  conductor 
which  had  breaks  in  three  places,  thus  giving  rise  to  three  sparks 
When  the  sparks  were  taken  in  front  of  the  revolving  mirror,  the 
positions  of  the  images  indicated  a  retardation  of  the  middle  spark, 
as  compared  with  the  other  two,  which  were  taken  near  the  two 
coatings  of  the  jar,  and  were  strictly  simultaneous.  The  middle 
break  was  separated  from  each  of  the  other  two  by  a  quarter  of  a 
mile  of  copper  wire.    He  calculated  that  the  retardation  of  the  middle 

spark  was  fj^yooo  ^^  ^  second,  which  was  therefore  the  time  occupied 

in  travelling  through  a  quarter  of  mile  of  copper  wire.  This  is  at  the 
rate  of  288,000  miles  per  second,  a  greater  velocity  than  that  of  light, 
which  is  only  about  184?,000  miles  per  second. 

Since  the  introduction  of  electric  telegraphs,  several  observations 
have  been  taken  on  the  time  required  for  the  transmission  of  a  signal. 
For  instance,  trials  in  Queenstown  harbour,  in  July,  1856,  when  the 
two  portions  of  the  first  Atlantic  cable,  on  board  the  Agametrmoji 
and  Niagara,  were  for  the  first  time  joined  into  one  conductor,  2500 
miles  long,  gave  about  If  seconds  as  the  time  of  transmission  of  a 
signal  from  induction  coils,  corresponding  to  a  velocity  of  only 
1400  miles  per  second.  In  185S,  before  again  proceeding  to  sea,  a 
quicker  and  more  sensitive  receiving  instrument — Thomson  s  mirror 
galvanometer — ^gave  a  sensible  indication  of  rising  current  at  one  end 
of  3000  miles  of  cable  about  a  second  after  the  application  of  a 
Daniell's  battery  at  the  other. 

It  seems  to  be  fully  established  by  experiment  that  electricity  has 
no  definite  velocity,  and  that  its  apparent  velocity  depends  upon 
various  circumstances,  being  greater  through  a  short  than  through 
a  long  line,  greater  (in  a  long  line)  with  the  greater  intensity  and 
suddenness  of  the  source,  greater  with  a  copper  than  with  an  iron 
wire,  and  much  greater  in  a  wire  suspended  in  air  on  poles  than  in 
one  surrounded  by  gutta-percha  and  iron  sheathing,  and  buried  under 
ground  or  under  water.  In  a  long  submarine  line,  a  short  sharp 
signal  sent  in  at  one  end,  comes  out  at  the  other  as  a  signal  graduaUy 
increasing  from  nothing  to  a  maximum,  and  then  gradually  djring 
away. 
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467.  Unit-jar. — For  quantitative  experimeDts   on   the  effects  of 
discharge.  Lane's  v/nit-jar  has  frbquently  been  employed.     One  of  its 
forms  is  represented  in  ^g.  398.     It  consist^  of  a  very  small  Leyden 
phial,  having  two  knobs  a,  h,  one  connected  with  each  coating,  the 
distance  between  them  being  adjustable  by  means  of  a  sliding  rod. 
To  measure  the  charge  given  to  a  jar  or  battery,  the  latter  is  placed 
upon  an  insulating  sup- 
port, its  inner  coating  is 
connected  with  the  con- 
ductor of  the  machine, 
and  its  outer  coating  is 
connected  with  the  inner 
coating  of  the  unit-jar. 
The  outer  coating  of  the 
unit-jar  must  be  in  con- 
nection with  the  ground. 

When    the    machine    is  fic  ns.— uuit-jar. 

worked,  sparks  pass  be- 
tween a  and  6,  each  spark  being  produced  by  the  escape  of  a 
definite  quantity  of  electricity  from  the  outer  coating  of  the  bat- 
tery, and  indicating  the  addition  of  a  definite  amount  to  the 
charge  of  the  inner  coating.  The  charge  is  measured  by  counting 
the  sparks. 

Snow  Harris  modified  the  arrangement  by  insulating  the  unit-jar 
instead  of  the  battery.  One  coating  of  his  unit-jar  is  connected  with 
the  battery,  and  the  other  with  the  conductor  of  the  machine.  The 
battery  thus  receives  its  charge  through  the  unit-jar'  by  a  succession 
of  discharges  between  the  knobs  a,  b,  each  representing  a  definite 
quantity  of  electricity. 

Both  arrangements,  as  far  as  their  measuring  power  is  concerned, 
depend  upon  the  assumption  that  discharge  between  two  given 
conductors,  in  u  given  relative  position,  involves  the  transfer  of  a 
definite  quantity  of  electricity.  This  assumption  implies  a  constant 
condition  of  the  atmosphere.  It  may  be  nearly  fulfilled  during  a 
short  interval  of  time  in  one  day,  but  is  not  true  from  one  day  to 
another.  Moreover,  it  is  to  be  remembered  that,  as  dissipation  is 
continually  going  on,  the  actual  charge  in  the  battery  at  any  time 
is  less  than  the  measured  charge  which  it  has  received. 

'  Lane'a  amngement  might  have  been  described  b;  aaj'ing  that  the  outer  coaling  of  the 
battery  receives  itd  negative  charge  from  the  earth  thit>ugh  the  unit* jar. 
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468.  Meoh&nioal  Effmts. — Tlie  effects  of  discharge  tbrougli  bad 
conductors  are  illustrated  by  several  well-known  experimeDts. 

1 .  Puncture  of  card.  A  card  is  placed  (Fig.  399)  betweeo  two  points 
connected  with  two  conductors  which  are  insulated  from  one  another 
by  means  of  a  glass  stem.  Tlie  lower  conductor  having  been  con- 
nected with  the  outer  coating  of  a  Leyden  jar  which  is  held  in  the 
hand,  the  knob  of  the  jar  ia  brought  near  the  upper  conductor,  A 
spark  passes,  and  another  spark  at  the  same  instant  passes  between 
the  two  points,  and  punctures  the  card.    In  performing  this  experi- 
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ment  it  is  observed  that,  if  the  points  are  not  opposite  each  other, 
the  perforation  is  close  to  the  negative  point  This  want  of  symmetry 
appears  to  be  due  to  the  properties  of  the  air.  When  arrangementa 
are  made  for  exhausting  the  air,  it  is  found  that,  as  the  density  of 
the  air  is  diminished,  the  perforation  takes  place  nearer  to  the  centre. 

The  piercing  of  a  card  can  very  easily  be  effected  by  Holtz's 
machine.  Its  two  conductors  are  connected  with  the  two  coatings 
of  a  small  Leyden  jar.  The  discharges  between  the  poles  will  then 
consist  of  powerful  detonating  sparks  in  rapid  succession ;  and  if  a 
sheet  of  paper  or  card  be  interposed,  every  spark  will  puncture  a 
minute  hole  in  it. 

2.  Perforation  of  glaee.     To  effect  the  perforation  of  glass,  a  pane 
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of  glass  is  supported  on  one  end  of  iv  glass  cylinder  in  whose  axis 
there  is  a  metallic  rod  terminating  in  a  point  which  Just  touches  the 
pane.  Another  pointed  rod  exactly  over  tliis,  and  insulated  from  it, 
is  lowered  until  it  touches  the  upper  face  of  the  pane.  A  powerful 
spark  from  a  Leyden  jar  or  battery  is  passed  between  the  two  points, 
and,  if  the  experiment  succeeds,  a  hole  is  produced  by  pulverization 
of  the  glass. 


>\^r;t 


The  experiment  sometimes  fails,  by  dischaige  taking  place  round 
the  edge  of  the  glass  instead  of  through  its  substance.  To  prevent 
this,  a  drop  of  oil  is  placed  on  the  upper  face  of  the  pane  at  the  point 
where  the  hole  is  to  be  made;  but  this  precaution  does  not  alwa^'s 
insure  success,  and,  when  the  experiment  has  once  failed,  it  is  useless 
to  try  it  again  with  the  same  piece  of  glass,  for  the  electricity  is  sure 
to  follow  in  the  course  which  the  first  discharge  has  marked  out 
for  it 

469.  Szplosion  of  Hines. — If  a  strongly  charged  Leyden  jar  be 
discharged  by  means  of  a  jointed  discharger  which  has  one  of  its 
knobs  covered  with  gun-cotton,  when  the  spark  passes  between 
the  jar  and  this  knob,  the  gun-cotton  will  be  inflamed.     Ordinary 
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cotton  mixed  with  powdered  resin  can  be  kindled  in  the  same 
way. 

A  similar  arrangement  is  often  used  for  exploding  mines.  A  fuse 
is  employed  containing  two  wires  embedded  in  gutta-percha,  but  with 
their  ends  unprotected  and  near  together.    One  of  these  wires  is 


Fig.  401.— Gun-oottOQ  Fired. 


connected  with  the  outer  coating  of  a  condenser,  and  the  other  is 
brought  into  communication  with  the  inner  coating.  The  discharge 
is  thus  made  to  pass  between  the  ends  within  the  fuse,  and  to  ignite 
a  very  inflammable  compound  by  which  they  are  surrounded-  Some- 
times one  of  the  wires,  instead  of  being  connected  with  the  outer 
coating,  is  connected  with  the  earth  by  means  of  a  buried  wira 
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469  a.  Object  of  Electrometers. — Electrometers  are  instruments  for 
tlie  measurement  of  differences  of  electrical  potential.  The  gold-leaf 
electroscope,  the  straw-electroscope,  and  other  instruments  of  the 
same  type,  aflFord  rough  indications  of  the  difference  of  potential 
between  the  diverging  bodies  and  the  air  of  the  apartment,  and  more 
measurable  indications  are  given  by  the  electrometers  of  Peltier  and 
Uellmann ;  but  none  of  these  instruments  are  at  all  comparable  in 
precision  to  the  various  eflectrometers  which  have  been  invented  from 
time  to  time  by  Sir  Wm.  Thomson. 

469  b.  Attracted-disc  Electrometers,  or  Trap-door  Electrometers. — 
We  shall  first  describe  what  Sir  Wm.  Thomson  calls  "Attracted-disc 
Electrometers."  These  instruments,  one  of  which  is  represented  in 
Figa  401  A,  401 B,  contain  two  parallel  discs  of  brass  g,  h,  with  an 
aperture  in  the  centre  of  one  of  them,  nearly  fiUed  up  by  a  light 
trap-door  of  aluminium  /,  which  is  supported  in  such  a  way  as  to 
admit  of  its  electrical  attraction  towards  the  other  disc  being  resisted 
by  a  mechanical  force  which  can  be  varied  at  pleasure.  The  trap- 
door and  the  perforated  plate  surrounding  it  must  have  their  faces 
as  nearly  as  possible  in  one  plane  when  the  observation  is  taken,  and, 
as  they  are  electrically  connected,  they  may  then  be  regarded  as 
forming  one  disc  of  which  a  small  central  area  is  movable.  There 
is  always  attraction  between  the  two  parallel  discs,  except  when 
they  are  at  the  same  potential. 

Let  their  potentials  be  denoted  by  V  and  Y\  the  electrical  densi- 
ties on  their  faces  by  p  and  p,  and  their  mutual  distance  by  D.  We 
have  seen  (§  445  Q)  that,  in  such  circumstances,  p  and  p  are  constant 
(except  near  the  edges  of  the  discs),  opposite  in  sign,  and  equal,  and 
that  the  intensity  of  forcie  in  the  space  between  them  is  everywhere 
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V- v 
the  same,  and  equal  at  once  to  —jy—  and  to  4*-^.     This  force  is 

jointly  due  to  attraction  by  one  plate  and  repulsion  by  the  other, 

each  of  these  having  the  intensity  2  »•  p,  or  half  the  total  intensity. 

Let  A  denote  the  area  of  the  trap-door.    The  quantity  of  electricity 

upon  it  will  be  p  A,  and  the  force  of  attraction  which  this  experiences 

will  bepA  X  2irp  =  2irp*A,  which  we  shall  denote  by  F.    Then 

from  the  equations 

V-V 

F  =  2irp»A  ,  j^-^ijrp,  (1) 

we  find,  by  eliminating  p, 

^  =r,( -I)^')*'  -  ^-^'  =  1 1>  ^'-^-        fi) 

469  c.  Absolute  Electrometer. — In  the  absolute  electrometer,  which 
somewhat  resembles  Fig.  401 B  turned  upside  down,  the  force  of 
electrical  attraction  on  the  trap-door  is  measured  by  direct  com- 
parison with  the  gravitating  force  of  known  weights.  This  is  done 
by  first  observing  what  weights  must  be  placed  on  the  trap-door  to 
bring  it  into  position  when  no  electrical  force  acts  (the  plates  being 
electrically  connected),  and  by  then  removing  the  weights,  allowing 
electrical  force  to  act,  and  adjusting  the  plates  at  such  a  distance  from 
one  another,  by  the  aid  of  a  micrometer  screw,  that  the  trap-door 
sliall  again  be  brought  into  position.  Then,  in  equation  (2),  F,  A, 
and  D  are  known,  and  the  difference  of  potentials  V— V  can  be 
determined.  In  the  absolute  electrometer,  the  perforated  disc  h  is 
uppermost,  so  that  the  direction  of  electrical  attraction  on  the  trap- 
door is  similar  to  the  direction  of  the  gravitating  force  of  the  weights 
The  reverse  arrangement  is  usually  adopted  in  the  portable  electro- 
meter, which  we  shall  next  describe.  In  both  instruments,  the  trap- 
door constitutes  one  end  of  a  very  light  lever  fi  I  of  aluminium, 
balanced  on  a  horizontal  axis. 

469  D.  Portable  Electrometer. — In  the  portable  electrometer  (Figs. 
401  A,  401b)  this  axis  passes  very  accurately  tlirough  the  centre  of 
gravity  of  the  lever,  the  suspension  being  effected  by  means  of  a  fine 
platinum  wire  w  w  tightly  stretched,  which  is  secured  at  its  centre 
to  the  lever  in  such  a  manner  that,  when  the  trap-door  comes  into 
position,  the  wire  is  under  torsion  tending  to  draw  back  the  disc 
from  the  attracting  plate,  gr.  This  torsion  (except  in  so  far  as  it  is 
affected  by  causes  of  eiTor  such  as  temperature  and  gradual  loss  of 
elasticity)  is  always  the  same  when  the  disc  is  in  position,  and  as  it 
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is  to  be  balanced  in  every  observation  by  electrical  attraction,  tlie 
latter  must  also  be  always  the  same ;  that  is  to  say,  the  quantity  F 
in  equations  (2)  is  constant  for  all  observations  with  the  same  instru- 
ment ;  whence  it  is  obvious  that  V— V  is  directly  proportional  to  D, 
the  distance  between  the  plates.  The  observation  for  difference  of 
potential  therefore  consists  in  altering  this  distance  until  the  trap- 
door comes  into  position.     This  is  done  by  turning  the  micrometer 
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screw,  by  means  of  the  milled  head  m.  The  divided  circle  of  tlie 
micrometer  indicates  the  amount  of  turning  for  small  distances,  and 
whole  revolutions  are  read  oflF  on  the  vertical  scale  traversed  by 
the  index  carried  by  the  arm  d.  The  correct  position  is  verj' 
accurately  identified  by  means  of  two  sights,  one  of  them  being 
attached  to  a  fixed  portion  of  the  instrument,  and  the  other  to  one 
end  of  I  the  lever.  One  of  these  sights  moves  up  and  down  close 
in  front  of  the  other,  and  they  are  viewed  through  a  tens  o  in 
front  of  both.  This  arrangement  is  also  adopted  in  the  absolute 
electrometer. 
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One  of  the  two  parallel  plates  k  ia  connected  with  the  inner  coat- 
iog  of  a  Leyden  jar,^  which,  being  kept  dry  within  by  means  of 
pumice  p  wetted  with  sulphuric  acid,  retains  a  sufficient  charge  for 
some  weeks.  The  other  plate  g  is  in  communication,  by  means  of 
the  spiral  wii-e  r,  with  the  insulated  umbrella  c,  which  can  be  con- 
nected with  any  external  conductor;  and,  in  order  to  determine  the 


potential  of  any  conductor  which  we  wish  to  examine,  two  observa- 
tions are  taken,  one  of  them  giving  the  difference  of  potential 
between  this  conductor  and  the  Leyden  jar,  and  the  other  the  dif- 
ference between  the  earth  and  the  jar.     We  thus  obtain,  by  aubtrac- 

'  The  uae  of  the  Lejrden  jar  is  to  give  cooetancy  of  potentiaL  Ita  «p>cit;  is  ao  much 
greater  than  that  of  the  diec  with  which  it  ia  comiecteil  that  the  electcicitj  irikich  enten 
or  leavea  the  latter  in  congeqnence  of  the  inductive  actioD  of  the  other  disc  is  no  HeomUa 
fraction  of  its  whole  chai^,  and  produces  no  Benaible  change  in  its  potentiaL  Its  giwt 
capacitf  in  comparison  with  the  extent  of  surface  exposed  likcwtBO  Isnda  to  prarsnt 
rafud  loss  of  potential  bj  disBipation  of  oharge. 
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tion,  the  diflFerence  of  potential  between  the  conductor  in  question 
and  the  earth. 

469  E.  Quadrant  Electrometer. — The  most  sensitive  instrument  yet 
invented  for  the  measurement  of  electrical  potential  is  the  quadrant 
electrometer,  which  is  represented  in  front  view  in  Fig.  401  c,  some 
of  its  principal  parts  being  shown  on  a  larger  scale  in  Fig&  401 D, 
401  £. 

In  this  instrument,  the  part  whose  movements  give  the  indica- 
tions is  a  thin  flat  piece  of  aluminium  u,  narrow  in  the  middle  and 
broader  towards  the  ends,  but  with  all  corners  rounded  off  This 
piece,  which  is  called  the  Tieedle,  and  is  represented  by  the  dotted 
line  in  Fig.  401 D,  is  inclosed  almost 
completely  in  what  may  be  described 
as  a  shallow  cylindrical  box  of  brass, 
cut  into  four  quadrants,  c,  d,  c'd\  These 
parts  are  shown  in  plan  in  Fig.  401 D, 
and  in  front  view  in  Fig.  401 C.  The 
'  needle  u  is  attached,  to  a  stiff  platinum 
wire,  which  is  supported  by  a  silk  fibre 
hanging  vertically.  The  same  wire 
carries  a  small  concave  mirror  t  (Fig. 
401  c)  for  reflecting  the  light  from  an 
illuminated  vertical  slit.     An  image  of 

the  slit  is  thus  formed  at  the  distance  of  about  a  yard,  and  is  received 
upon  a  paper  scale  of  equal  parts,  by  reference  to  which  the  move- 
ments of  the  image  can  be  measured.  The  movements  of  the  image 
depend  upon  the  movements  of  the  mirror,  which  are  precisely  the 
same  as  those  of  the  needle.  We  have  now  to  explain  how  the 
movements  of  the  needle  are  produced. 

One  pair  of  opposite  quadrants  c  d  are  connected  with  each  other, 
and  with  a  stiff  wire  I  projecting  above  the  case  of  the  instrument 
The  other  quadrants  d  d!  are  in  like  manner  connected  with  the  other 
projecting  wire  m.  The  projecting  parts  I  m  are  called  the  cldef 
electrodeSy  and  are  to  be  connected  respectively  with  the  two  con- 
ductors whose  difference  of  potential  is  required,  one  of  which'  is 
usually  the  earth.  Suppose  the  needle  to  have  a  positive  charge  of 
its  own,  then  if  the  potential  of  c  and  c'  be  higher  (algebraically)  than 
that  of  d  and  d\  one  end  of  the  needle  will  experience  a  force  urging 
it  from  ctod,  and  the  other  end  will  experience  a  force  urging  it 
from  c'  to  d\    These  two  forces  constitute  a  couple  tending  to  turn 


Fig.  401 D. —Needle  and  Qoadxauta. 
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the  needle  about  a  vertical  axis.  If  the  potential  of  c  and  c'  be  lower 
than  that  of  d  and  d\  the  couple  will  be  in  the  opposite  directioa 
To  prevent  the  needle  from  deviating  too  far  under  the  action  of 
this  couple,  and  to  give  it  a  definite  position  when  there  i8.no  elec- 
trical couple  acting  upon  it,  a  small  light  magnet  is  attached  to  tbe 
back  of  the  mirror,  and  by  means  of  controlling  magnets  outside  the 
case  the  earth's  magnetism  is  overpowered,  so  that,  whatever  position 
be  chosen  for  the  instrument,  the  needle. can  be  made  to  assume  tbe 
proper  zero  position.  In  some  instruments  recently  constructed,  the 
magnets  are  dispensed  with,  and  a  bifilar  suspension  is  substituted 
for  the  single  silk  fibre.  The  permanent  electrification  of  the  needle 
is  attained  by  connecting  it,  by  means  of  a  descending  platinum 
wire,  with  a  quantity  of  strong  sulphuric  acid,  which  occupies  the 
lower  part  of  the  containing  glass  jar.  The  acid,  being  an  excellent 
conductor,  serves  as  the  inner  coating  of  a  Ley  den  jar,  the  outside  of 
the  glass  opposite  to  it  being  coated  with  tin-foil,  and  connected  with 
the  earth.  The  acid  at  the  same  time  serves  the  purpose  of  keeping 
the  interior  of  the  apparatus  very  dry.  The  charge  is  given  to  the 
jar  through  the  chargiTig  electrode  p,  which  can  be  thrown  into  or 
out  of  connection  at  pleasure.  As  the  sensibility  of  the  instrument 
increases  with  the  potential  of  the  jar,  a  gauge  and  replenisher  are 
provided  for  keeping  this  potential  constant.  The  gauge  is  simply 
an  "attracted-disc  electrometer,"  in  which  the  distance  between  tbe 
parallel  discs  is  never  altered,  so  that  the  aluminium  square  only 
comes  into  position  when  the  potential  of  one  of  the  discs,  which  is 
connected  with  the  acid  in  the  jar,  differs  by  a  certain  definite  amount 
from  the  potential  of  the  other,  which  is  connected  with  the  earth. 
A  glance  at  the  gauge  shows,  at  any  moment,  whetlier  the  potential 
of  the  jar  has  the  normal  strength.  If  it  has  fallen  below  this  point, 
the  replenisher  is  employed  to  increase  the  charge. 

This  apparatus,  which  is  separately  represented,  dissected,  in  Fig. 
401 E,  and  is  for  simplicity  omitted  in  Fig.  401 C,  consists  of  a  vertical 
stem  of  ebonite  8,  which  can  be  rapidly  twirled  with  the  finger  by 
means  of  a  milled  head  y,  and  which  carries  two  metal  wings  or 
carriers,  6, 6,  insulated  from  each  other.  In  one  part  of  their  revolu- 
tion, these  come  in  contact  with  two  light  steel  springs  //,  which 
simply  serve  to  connect  them  for  the  instant  with  each  other.  In 
another  part  of  then*  revolution,  they  come  in  contact  with  two 
other  springs  e  e,  connected  respectively  with  the  acid  of  tbe  jar  and 
with  the  earth.     The  first  of  these  contacts  takes  place  just  before 


THE  REPLENISHES. 


597 


the  wings  emerge  from  the  shelter  of  the  lai^er  metallic  sectors  or 
inductors  a  a,  of  which  -one  is  connected  with  the  acid,  and  the 
other  with  the  earth.  Suppose  the  acid  to  have  a  positive  charge. 
Then,  at  the  instant  of  contact,  an 
indnctive  movement  of  electricity 
takes  place,  producing  an  accumula- 
tion of  negative  electricity  in  the  ■ 
carrier  which  is  next  the  positive 
inductor,  and  an  accumulation  of 
positive  in  the  other.  The  next 
contacts  are  effected  when  the  car- 
rier which  has  thus  acquired  a  posi- 
tive charge  is  well  under  cover  of 
the  positive  inductor,  to  whjch  ac- 
cordingly it  gives  up  its  electricity, 
for,  being  in  great  part  surrounded 
by  this   inductor,  and  heing  con-  Fig.*oii.-itopi«nirfiw. 

nected  with  it  by  the  spring,  the 

carrier  may  be  regarded  as  forming  a  portion  of  the  interior  of  a 
concave  conductor,  and  the  electricity  accordingly  passes  from  it  to 
the  external  surface,  that  is  to  the  inductor,  and  to  the  acid  con- 
nected with  it,  which  form  the  lining  of  the  jar.  The  negative  elec- 
tricity on  the  other  carrier  is,  in  like  manner,  given  off  to  the  other 
inductor,  and  so  to  the  earth. 

The  jar  thus  receives  an  addition  to  its  charge  once  in  every  half- 
revolution  of  the  replenisher ;  and,  as  these  increments  are  very  small, 
it  is  easy  to  regulate  the  charge  so  that  the  gauge  shall  indicate 
exactly  the  normal  potential.  If  the  charge  is  too  strong,  it  can  be 
diminished  by  turning  the  replenisher  in  the  reverse  direction. 

469f.  Ca^e-eleotrometer. — In  another  form  of  electrometer,  which 
has  some  advantages  of  its  own,  though  now  but  little  used,  the  ob- 
servation for  difference  of  potential  consists  in  applying  torsion  to  a 
glass  fibre  until  the  needle  (a  straight  piece  of  aluminium  wire)  which 
it  carries,  is  forced,  against  electrical  repulsion,  to  assume  a  definite 
position  marked  by  sights.  The  repulsion,  which  acts  upon  the  two 
ends  of  the  needle  so  as  to  produce  a  couple,  is  exerted  by  two  ver- 
tical brass  plates,  which  are  connected  with  the  needle  by  means  of 
fine  platinum  wires  dipping  in  sulphuric  acid  at  the  bottom  of  a 
Leyden  jar  The  needle  and  the  plates  which  repel  it  are  thus  at 
the  potential  of  the  jar.     The  repulsion  between  them  is  modified  by 
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the  influence  of  a  cage  of  brass  wire,  which  surrounds  them,  and 
which  is  connected  with  the  conductor  whose  potential  is  to  be  ex- 
amined. If  this  conductor  has  the  same  potential  as  the  jar,  there  is 
no  repulsion.  If  its  pptjential  differs  either  way  from  that  of  the  jar, 
the  couple  of  repulsion  is  proportional  to  the  square  of  this  difference 
of  potentials.^  .  The  difference  of  potential  is  therefore  obtained  by 
taking  the  square  root  of  the  liumber  of  degrees  of  torsion  of  the 
fibre. 

^  In  a  g^ven  position  of  the  nqedle,  the  quantities  of  electricity  upon  it  and  apon  the 
plates  which  repel  it  are  both  proportional  to  this  difference  of  potentials,  and  the  distribu- 
tion LB  invariable.  Hence  (§  420)  the  force  of  repulsion  is  proportional  to  the  product  of 
the  two  quantities^  that  is  to  the  square  of  either  of  them. 
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470.  Besemblance  of  Lightning^  to  the  Electric  Spark. — The  resem- 
blance of  the  effects  of  lightning  to  those  of  the  electric  spark  struck 
the  minds  of  many  of  the  early  electricians.  Lightning,  in  fact, 
ruptures  and  scatters  non-conducting  substances,  inflaming  those 
which  are  combustible ;  heats,  reddens,  melts,  and  volatilizes  metals ; 
and  gives  shocks,  more  or  less  severe,  and  frequently  fatal,  to  men 
and  animals;  all  of  these  being  precisely  the  effects  of  the  electric 
spark  with  merely  a  difference  of  intensity.  We  may  add  that 
lightning  leaves  behind  it  a  characteristic  odour  precisely  similar  to 
that  which  is  observed  near  an  electrical  machine  when  it  is  working, 
and  which  we  now  know  to  be  due  to  the  presence  of  ozone.  More- 
over, the  form  of  the  spark,  its  brilliancy,  and  the  detonation  which 
attends  it,  all  remind  one  forcibly  of  lightning. 

To  Franklin,  however,  belongs  the  credit  of  putting  the  identity 
of  ther  two  phenomena  beyond  all  question,  and  proving  experi- 
mentally that  the  clouds  in  a  thunder-storm  are  charged  with  elec- 
tricity. This  he  did  by  sending  up  a-kite,  armed  with  an  iron  point 
with  which  the  hempen  string  of  the  kite  was  connected.  To  the 
lower  end  of  the  string  a  key  was  fastened,  and  to  this  again  was 
attached  a  silk  ribbon  intended  to  insulate  the  kite  and  string  from 
the  hand  of  the  person  holding  it.  Having  sent  up  the  kite  on  the 
approach  of  a  storm,  he  waited  in  vain  for  some  time  even  after  a 
heavy  cloud  had  passed  directly  over  the  kite.  At  length  the  fibres 
of  the  string  began  to  bristle,  and  he  was  able  to  draw  a  strong  spark 
by  presenting  his  knuckle  to  the  key.  A  shower  now  fell,  and,  by 
wetting  the  string,  improved  its  conducting  power,  the  silk  ribbon 
being  still  kept  dry  by  standing  under  a  shed.  Sparks  in  rapid 
succession  were  drawn  from  the  key,  a  Leyden  jar  was  charged  by  it, 
and  a  shock  given. 
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Shortly  before  this  occurrence,  Dalibard,  acting  upon  a  published 
fiuggestioD  of  Franklin,  had  erected  a  pointed  iron  rod  on  the  top  of 
a  house  near  Paria  The  rod  was  insulated  from  the  earth,  and  coold 
be  connected  with  various  electrical  apparatus.  A  thunder-storm 
having  occurred,  a  great  number  of  sparks,  some  of  them  of  great 
power,  were  drawn  from  the  lower  end  of  the  rod. 

These  experiments  were  repeated  in  various  places,  and  Richmaun 
of  St.  Petersburg,  while  conducting  an  in- 
vestigation with  an  apparatus  somewhat 
resembling  that  of  Dalibard,  received  a 
spark  which  killed  him  on  the  spot. 
^^  472.  meatrio  Cbimes. — Franklin  devised 

tl^^      \  an  apparatus  for  giving  warning  when  the 

f     i  \  insulated  rod  is  charged  with  electricity. 

I    I  ii/^    It  consists  (Fig.  402)  of  a  metal  bar,  carry- 

ing three  bells  with  two  clappers  between 
them.  The  two  extreme  bells  are  hnng 
from  the  bar  by  metallic  cbaina  Tbe 
middle  one  is  bung  by  a  silk  thread,  and 
connected  with  the  ground.  The  clappers 
are  also  hung  by  silk  threada  When  the  bar  is  electrified,  the  clap- 
pers are  6rst  attracted  by  the  two  extreme  bells,  and  then  repelled  to 
the  middle  bell,  through  which  they  discharge  themselves,  to  be 
again  attracted  and  repelled,  thus  keeping  up  a  continual  ringing  as 
long  as  the  bar  remains  electrified. 

473.  Doration  of  Lig^ktning. — It  appears  that  thunder-clouds  must 
be  regarded  as  charged  masses  of  considerable  conducting  power. 
•  The  discharges  which  produce  lightning  and  thunder 

occur  sometimes  between  two  clouds,  and  sometimes 
between  a  cloud  and  the  earth.     The  duration  of  the 
illumination  produced  by  lightning  is  certiunly  less 
than  the  ten-thousandth  of  a  second.     This  has  been 
established  by  observing  a  rapidly  rotating  disc  (Fig. 
Dum'Li'of  FUrfi      *^3)     divided    into    sectors    alternately    black    and 
white.     If  viewed  by  daylight,  the  disc  appears  of  a 
uniform  gray;  and  if  lightning,  occurring  in  the  daik,  renders  the 
separate  sectors  visible,  the  duration  of  its  light  must  be  less  than 
the  time  of  revolving  through  the  breadth  of  one  sector.    The  experi- 
ment has  been  tried  with  a  disc  divided  into  60  sectors,  and  making 
180  revolutions  per  second,  so  that  the  time  of  turning  through  the 
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space  occupied  by  one  sector  is  ^  of  y  J^^  of  a  second,  that  is,  TTj^TTir- 
When  the  disc,  turning  with  this  velocity,  is  rendered  visible  by 
lightning,  the  observer  sees  black  and  white  sectors  with  gray  ones 
between  them.  For  the  black  and  white  sectors  to  be  seen  sharply 
defined,  without  intermediate  gray,  it  would  be  necessary  that  the 
illumination  should  be  absolutely  instan- 
taneous. 

476.  Thunder.  —  Thunder  frequently 
consists  of  a  number  of  reports  heard  in 
succession.  This  can  be  explained  by  sup- 
posing that  (as  in  the  experiment  of  the 
spangled  tube,  §  440)  discharge  occurs  at 
several  places  at  once.  The  reports  of 
these   explosions  will  be  heard  in  the 

order  of  their  distance  from  the  observer.  ^ 

If,  for  example,  the  lines  of  discharge  form        j 
the  zig-zag  M  N  (Fig.  404),  an  observer    pig.  4w.-simuitaneoui.  Expiodonn. 
at  O  will  hear  first  the  explosion  at  a, 

then,  a  little  later,  the  five  explosions  at  m,  n,  r,8,  t]  he  will  conse- 
quently observe  an  increase  in  the  intensity  of  the  sound. 

477.  Shock  by  Influence. — Persons  near  whom  a  flash  of  lightning 
passes,  frequently  experience  a  severe  shock  by  induction.  This  is 
analogous  to  the  phenomenon,  first  observed  by  Galvani,  that  a 
skinned  frog  in  the  neighbourhood  of  an  electrical  machine,  although 
dead,  exhibits  convulsive  movements  every  time  a  spark  is  drawn 
from  the  conductor.  In  like  manner,  if  Volta's  pistol  (§  443)  be 
placed  on  the  wooden  supports  of  an  electrical  machine,  and  its  knob 
be  connected  with  the  ground  by  a  chain,  on  drawing  a  spark  from ' 
the  machine,  another  spark  will  pass  in  the  interior  of  the  pistol,  and 
fire  it  off*. 

478.  Lightning-conductors. — Experience  having  shown  that  elec- 
tricity travels  in  preference  through  the  best  conductors,  it  is  easy 
to  understand  that,  if  a  building  be  fitted  with  metallic  rods  termi- 
nating in  the  earth,  lightning  will  travel  through  these  instead  of 
striking  the  building.  But  further,  if  these  rods  terminate  above  in 
a  point,  they  may  exercise  a  preventive  influence  by  enabling  the 
earth  and  clouds  to  exchange  their  opposite  electricities  in  a  gradual 
way,  just  as  the  conductor  of  a  machine  is  prevented  from  giving 
powerful  sparks  by  presenting  to  it  a  sharp  point  connected  with  the 
earth. 
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While  the  electrical  machine  is  working  powerfully,  and  the  quad- 
rant electroscope  shows  a  strong  charge,  let  a  pointed  metallic  rod  be 
presented,  as  in  Fig.  405 ;  the  pith-ball  will  immediately  fell  back  to 
the  vertical  position,  and  it  will  be  found  impossible  to  draw  a  spark 


Fig.  405. — Condaotor  Disehaiged  bj  praaenting  a  Point. 

from  any  part  of  the  conductor.  If  the  experiment  is  performed  in 
the  dark,  the  point  will  be  seen  to  be  tipped  with  light;  and  a  similar 
appearance  is  sometimes  observed  on  the  tops  of  lightning-rods  and 
of  ships'  masts.  In  the  latter  position  it  is  known  to  sailors  as  St 
Elradsjire. 

479.  Construction  of  Lightning-conductors. — ^A  badly  constructed 
lightning-conductor  may  be  a  source  of  danger,  instead  of  a  protec- 
tion.    The  following  conditions  should  always  be  complied  with  :— 

1.  The  connection  with  the  ground  should  be  continuous 

2.  The  conductor  must  be  everywhere  of  so  large  a  section  that  it 
will  not  be  melted  by  lightning  passing  through  it  The  French 
Academy  of  Sciences  recommend  that  the  section  for  iron  rods  should 
be  nowhere  less  than  2*25  centimetres,  or  -^  of  an  inch. 

3.  The  earth  contact  must  be  good.  The  conductor  may  be  con- 
nected at  its  base  with  the  iron  pipes  which  supply  the  neighbour- 
hood with  water  or  gas ;  or  it  may  terminate  in  the  water  of  a  well 
or  pond.  Failing  these,  it  should  be  provided  with  branches  travers- 
ing the  soil  in  different  directions,  and  surrounded  by  coke,  which  is 
a  good  conductor. 

4.  At  no  part  of  its  course  above  ground  should  it  come  near  to  the 
metal  pipes  which  supply  the  house  with  water  or  gas,  nor  to  any 
large  masses  of  metal  in  the  house.  All  large  masses  of  metal  on  the 
outside  of  the  house,  such  as  lead  roofing,  should  be  well  connected 
with  the  conductor. 
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6.  The  extreme  point  should  be  sharp.  A  former  commission  of 
the  Academy  recommended  a  platinum  point,  which  should  be  con- 
nected with  the  iron  by  welding.  But  as  this 
construction  is  both  diffieult  and  expensive, 
later  directions  have  been  issued  recommending 
a  gilded  copper  cone,  screwed  on  to  the  iron,  as 
shown  in  Fig.  407,  which  is  half  the  actual  siza 
This  form  of  termination  is  better  than  a  needle 
point,  because  less  liable  to  fusion. 

The  general  arrangement  is  represented  in 
Fig.  406.  The  rod  has  a  diameter  of  2  or  3 
inches  at  its  base,  and  gradually  tapers  upwards 
to  the  place  where  the  point  is  screwed  on.  The 
descending  portion  b  is  connected  with  the  base 
of  this  rod  by  the  broad  band  W. 

480.  Ordinary  Electricity  of  the  AtmospliQn. 
— The  presence  of  electricity  in  the  upper  re- 
gions of  the  air  is  not  confined  to  thunder- 
I  clouds,  but  can  be  detected  at  all  times.     In 

fine  weather  this  electricity  is  almost  invariably 
(positive,  but   in  showery 
or  stormy  weather  nega- 
tive electricity  is  as  fre- 
"1  quently  met  with  as  posi- 

m  tive;   and    it  is   in   such 

weather  that  the  indica- 
tions of  electricity,  whe- 
ther positive  or  negative, 
are  usually  the  strongest. 
480a.   Ifetliods  of  ob- 
taining Indicfttions. — One 
of  the  early  methods  of  ob- 
serving atmospheric  elec- 
tricity consisted  in  shoot-  ^..«oj.. . 
Fi,  406.  -  Lightning.        "«  "P  ^n  arrow,  attached       ^,^  ,oi,_GQdrf  copp^ 
ooniiurtor.               to    a   conducting    thread,                  PoI"*- 
having  at  its  lower  end  a 
ring,  which  was  laid  upon  the  top  of  a  gold-leaf  electroscope.     As  the 
arrow  ascends  higher,  the  leaves  divei^  more  and  more  with  elec- 
tricity of  the  same  sign  as  that  overhead ;   and  they  remain  diverg- 
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ent  after  the  ring   has  been  lifted  off  by  the  movement  of  t)ie 
arrow. 

Sometimes,  instead  of  the  arrow,  a  point  on  the  top  of  the  electro- 
scope is  employed  to  collect  electricity  from 
the  ^r,  as  in  Fig.  408,  Both  these  meUiods 
are  very  uncertain  in  their  action. 

A  better  method  of  collecting  electricity 
from  the  air  was  long  ago  devised  by  Volta, 
who  employed  for  this  purpose  a  burning 
match  attached  to  the  top'  of  a  rod  connected 
with  the  gold-leaves  or  straws  of  his  electro- 
scope. If  there  is  positive  electricity  over- 
head, its  influence  causes  negative  electricity 
to  collect  at  the  upper  end  of  the  rod,  whence 
it  passes  off  by  convection  in  the  products  of 
combustion  of  the  match,  leaving  the  whole 
conducting  system  positively  electrified  In 
liice  manner,  if  the  electricity  overhead  be  ne- 
gative, the  system  will  be  left  negatively  elec- 
trified. 

Another  method  which,  in  the  hands  of  Pel- 

Eiootiqo)(ri«.  tier,  Quetelet,  and^Dellmann,  has  yielded  good 

results,  consists  in  fiWt  exposing,  in  an  elevated 

position  such  as  the  top  of  a  house,  a  conditeting  ball  supported  on 

an  insulating  stand,  and,  while  exposed,  connetting  it  with  the  ear4; 

then    insiilatinc    it     aM    exV^'^'^S    ^'•^   chars 

Thi^  charge,  being  ac 

y  the  ^ductive  action  of  • 

is  opposite  in  sign  to  the 

inducing  electricity. 

AnothV  method, 

which  inNprinciple  re 
sembles  tl\t  of  Volts 
but  is  speeder  in  i^ 
action,  has  bten  iT\t> 
duced  by  Sir  W.  Them 
son.  It  consists  in  ^- 
lowing  a  fine  stHa^i  of 
water  to  flow,  from  an  insulated  metallic  vessel,  through  a;  pipe, 
which  projects  through  an  open  window  or  other  aperture  in  tlie 
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wall  of  a  house,  so  that  the  nozzle  from  which  the  water  flows  is  in 
the  open  air.  The  apparatus  for  this  purpose,  called  the  water- 
dropping  collector,  is  represented  in  Fig.  408  a.  a  is  a  copper  can, 
containing  water,  which  can  be  discharged  through  the  brass  pipe  b 
by  turning  a  tap.  The  mode  of  insulation  is  worthy  of  notice.  The 
can  is  supported  on  a  glass  stem  c,  which  is  surrounded,  without  con- 
tact, by  a  ring  or  rings  of  pumice  dd,  moistened  with  sulphuric  acid. 
These  are  protected  by  an  outer  case  of  brass  ee,  having  a  hole  in  its 
top  rather  larger  than  the  glass  stem,  the  brass  being  separated  from 
the  moist  pumice  by  an  inner  case  of  gutta-percha.  The  acid  needs 
renewal  about  once  in  two  months. 

In  severe  frost,  burning  matches  can  be  used  instead  of  water, 
and  are  found  to  give  identical  indications.  Whether  water  or 
match  be  used,  the  principle  of  action^  is  that,  as  long  as  any  differ- 
ence of  potential  exists  between  the  insulated  conductor  and  the  point 
of  the  air  where  the  issuing  stream  (whether  of  water  or  smoke) 
ceases  to  be  one  continuous  conductor,  and  begins  to  be  a  non-con- 
ductor or  a  succession  of  detached  drops,  so  long  will  each  drop  or 
portion  that  detaches  itself  carry  off  either  positive  or  negative  elec- 
tricity, and  thus  diminish  the  difference  of  potential.  This  is  an 
application  of  the  principle  of  §  445  b,  that  electricity  tends  to  travel 
from, places  of  higher  to  places  of  lower  potential.  The  time  required 
to  reduce  the  system  to  the  potential  which  exists  at  the  point  above 
specified,  is  practically  about  half  a  minute  with  the  water-jet,  and 
from  half  a  minute  to  a  minute  or  more,  according  to  the  strength  of 
the  wind,  with  a  match. 

The  water-dropper  is  the  most  convenient  collecting  apparatus 
when  the  observations  are  taken  always  in  the  same  place.     For 

^  The  following  quotation  £rom  an  article  by  Sir  W.  Thomson  puts  the  matter  very 
clearly: — "If,  now,  we  conceive  an  elevated  conductor,  first  belonging  to  the  earth,  to  be- 
come insulated,  and  to  be  made  to  throw  off,  and  to  continue  throwing  off,  portions  from 
an  exposed  part  of  its  surface,  this  part  of  its  surface  will  quickly  be  reduced  to  a  state  of 
no  electrification,  and  the  whole  conductor  will  be  brought  to  such  a  potential  as  will  allow 
it  to  remain  in  electrical  equilibrium  in  the  air,  with  that  portion  of  its  surface  neutral. 
In  other  words,  the  potential  throughout  the  insulated  conductor  is  brought  to  be  the  same 
as  that  of  the  particular  equi- potential  surface  in  the  air,  which  passes  through  the  point 
of  it  from  which  matter  breaks  away.  A  flame,  or  the  heated  gas  passing  from  a  burning 
match,  does  precisely  this :  the  flame  itself,  or  the  highly  heated  gas  close  to  the  match, 
being  a  conductor  which  is  constantly  extending  out,  and  gradually  becoming  a  non-con- 
ductor. The  drops  [into  which  the  jet  from  the  water-dropper  breaks]  produce  the  same 
effects,  with  more  pointed  decision,  and  with  more  of  dynamical  enexgy  to  remove  the  re- 
jected matter,  with  the  electricity  which  it  carries,  from  the  neighbourhood  of  the  fixed 
conductor." — NichoVt  Cyclopcedioj  second  edition,  art.  "Electricity,  Atmospheric." 
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portable  service,  Sir  Wm.  Thomson  employs  blotting-paper,  steeped 
in  solution  of  nitrate  of  lead,  dried,  and  rolled  into  matches.  The 
portable  electrometer  carries  a  light  brass  rod  or  wire  projecting  up- 
wards, to  the  top  of  which  the  matches  can  be  fixed. 

480  b.  Interpretation  of  Indications. — We  have  seen  that  the  col- 
lecting apparatus,  whether  armed  with  water-jet  or  burning  match, 
is  merely  an  arrangement  for  reducing  an  insulated  conductor  to  the 
potential  which  exists  at  a  particular  point  in  the  air.  An  electro- 
meter will  then  show  us  the  difference  between  this  potential  and 
that  of  any  other  given  conductor,  for  example  the  earth.  The  earth 
offers  so  little  resistance  to  the  passage  of  electricity,  that  any  tem- 
porary difference  of  potential  which  may  exist  between  different 
parts  of  its  surface,  must  be  very  slight  in  comparison  with  the  dif- 
ferences of  potential  wliich  exist  between  different  points  in  the  non- 
conducting atmosphere  above  it.  As  there  is  no  possible  method  of 
determining  absolute  potential,  since  all  electric  phenomena  would 
remain  unchanged  by  an  equal  addition  to  the  potentials  of  all  points, 
it  is  convenient  to  assume,  as  the  zero  of  potential,  that  of  the  most 
constant  body  to  which  we  have  access,  namely  the  earth;  and  under 
the  name  earth  we  include  trees,  buildings,  animals,  and  all  other  con- 
ductors in  electrical  communication  with  the  soil 

Now  we  find  that,  as  we  proceed  further  fi-om  the  earth's  surface, 
whether  upwards  from  a  level  part  of  it,  or  horizontally  from  a  verti- 
cal part  of  it,  such  as  an  outer  wall  of  a  house,  the  potential  of  points 
in  the  air  becomes  more  and  more  different  from  that  of  the  earth, 
the  difference  being,  in  a  broad  sense,  simply  proportional  to  the  dis- 
tance. Hence  we  can  infer^  that  there  is  electricity  residing  on  the 
surface  of  the  earth,  the  density  of  this  electricity,  at  any  moment^ 
in  the  locality  of  observation,  being  measm*ed  by  the  difference 
of  potential  which  we  find  to  exist  between  the  earth  and  a  given 
point  in  the  air  near  it.  Observations  of  so-called  atmospheric  elec- 
tricity^ made  in  the  manner  we  have  described,  are  in  fact  simply 

^  By  §  445 1,  if  p  denote  the  quantity  of  electricity  per  unit  area  on  an  even  psrt  of  the 
earth's  surface,  the  force  in  the  neighbouring  air  is  ivp.  This  must  be  equal  to  tbe 
change  of  potential  in  going  unit  distance  (§  445  d).  If  potential  increases  positiTeiy,  p  ii 
negative. 

'  No  good  electrical  observations  have  yet  been  made  in  baUoons,  and  veiy  littfe  is 
known  regarding  the  distribution  of  electricity  at  different  heights  in  the  air.  A  method 
of  gauging  this  distribution  by  balloon  observations  is  suggested  by  the  principles  of  §  445 <3, 
which  show  that,  when  the  lines  of  force  are  vertical,  and  the  tubes  of  force  oonsequentl; 
cylindrical,  the  difference  of  electrical  force  at  different  heights  is  prqportional  to  the 
quantity  of  electricity  which  lies  between  them. 
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determinations  of  the  quantity  of  electricity  residing  on  the  earth's 
surface  at  the  place  of  observation.  The  results  of  observations  so 
made  are  however  amply  sufficient  to  show  that  electricity  residing 
in  the  atmosphere  is  really  the  main  cause  of  the  variations  observed. 
A  charged  cloud  or  body  of  air  induces  electricity  of  the  opposite 
kind  to  its  own  on  the  parts  of  the  earth's  surface  over  which  it 
passes;  and  the  variations  which  we  find  to  occur  in  the  electrical 
density  at  the  parts  of  the  surface  where  we  observe,  are  so  rapid  and 
considerable,  that  no  other  cause  but  this  seems  at  all  adequate  to 
account  for  them.  We  may  therefore  safely  assume  that  the  differ- 
ence of  potential  which  we  find,  in  increasing  our  distance  from  the 
earth,  is  mainly  due  to  electricity  induced  on  the  surface  of  the  earth 
by  opposite  electricity  in  the  air  overhead. 

As  electrical  density  is  greater  on  projecting  parts  of  a  surface  than 
on  those  which  are  plane  or  concave,  we  shall  obtain  stronger  indica- 
tions on  hills  than  in  valleys,  if  our  collecting  apparatus  be  at  the 
same  distance  from  the  ground  in  both  cases.  Under  a  tree,  or  in 
any  position  excluded  from  view  of  the  sky,  we  shall  obtain  little  or 
no  effect. 

480c.  Basalts  of  Observation. — The  only  regular  series  of  observa- 
tions which  have  as  yet  been  taken^  with  Sir  Wm.  Thomson's  instru- 
ments, consist  of  two  years*  continuous  observations  with  self-recording 
apparatus  at  Kew  Observatory ;  and  two  years'  observations,  at  three 
stated  times  daily,  and  at  other  irregular  times,  at  Windsor  in  Nova 
Scotia  (lat.  45°  N.)  The  electrometer  used  at  Kew  was  an  earlier 
form  of  the  quadrant  electrometer  already  described ;  and  the  auto- 
graphic registration  was  effected  by  throwing  the  image  of  a  bright 
'  point  (a  small  hole  with  a  lamp  behind  it)  upon  a  sheet  of  photo- 
graphic paper  drawn  upwards  by  clock-work,  whereas  the  movements 
of  the  image,  formed  by  means  of  the  mirror  attached  to  the  needle, 
were  horizontal  The  curves  thus  obtained  give  very  accurate  infor- 
mation respecting  the  potential  of  the  air  at  the  point  of  observation, 
when  of  moderate  strength ;  but  fail  to  record  it  when  of  excessive 
strength,  as  the  image  on  these  occasions  passed  out  of  ranga  The 
Windsor  observations  were  taken  with  the  cage-electrometer,  of 
which  two  forms  were  employed,  one  being  much  more  sensitive  than 

^  The  observations  at  Windsor,  N.S.,  and  at  Kew,  are  described  in  three  papers  by  .the 
editor  of  thij^^  work,  Proc.  R.  S.,  June  1863,  Jaim^i^  1865,  and  Trans.  JL  S.y  December 
1867.  Dellmann^s  observations  at  Kreuznach,  wnich  were  taken  with  apparatus  devised 
by  himself,  are  described  in  Phil,  Mag,  June  1858.  QueteleVs  observations  (taken  with 
Peltier's  apparatus)  are  described  in  his  volume  Sur  le  Climat  de  la  Belgique  (Brussels,  1849). 
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the  other.  The  more  sensitive  form  was  usually  employei  When 
the  potential  became  inconveniently  strong,  the  first  step  was  to 
shorten  the  discharging  pipe  by  screwing  oft'  some  of  its  joints.  This 
reduced  the  strength  of  potential  in  about  the  ratio  of  3  :  1 ;  but  even 
this  reduction  was  often  not  enough  for  the  more  sensitive  instru- 
ment, and  on  such  occasions  the  other  (which  was  intended  as  a  port- 
able electrometer)  was  employed  instead.  As  the  ratio  of  the  indica- 
tions of  the  two  instruments  was  known,  a  complete  comparison  of 
potentials  in  all  weathers  was  thus  obtained.  The  results  are  as  follows. 

Employing  a  unit  in  terms  of  which  the  average  fine-weather 
potential  for  the  year  was  +4,  the  potential  was  seldom  so  weak  as 
1,  though  on  rare  occasions  it  was  for  a  few  minutes  as  low  as  01. 
In  wet  weather,  especially  with  sudden  heavy  showers,  the  potential 
was  often  as  strong  as  +20  to  +30,  and  it  was  fully  as  strong 
during  hail.  With  snow,  the  average  strength  was  about  the  same 
as  with  heavy  rain,  but  it  was  less  variable,  and  the  sign  was  almost 
always  positive.  Occasionally,  with  high  wind  accompanying  snow, 
during  very  sevei'e  frost,  it  was  from  +80  to  +100,  or  even  higher. 
With  fog,  it  was  always  positive,  averaging  about  +10.  In  thunder- 
storms it  frequently  exceeded  +100,  and  on  a  few  occasions  ex- 
ceeded —  200.  There  was  usually  a  great  predominance  of  negative 
potential  in  thunder-storms.  Change  of  sign  wa^  a  frequent  accom- 
paniment of  a  flash  of  lightning  or  a  sudden  downpour  of  rain.  At 
all  times,  there  was  a  remarkable  absence  of  steadiness  ajs  compared 
with  most  meteorological  phenomena,  wind-pressure  being  the  onk 
element  whose  fluctuations  are  at  all  comparable,  in  magnitude  and 
suddenness,  with  those  of  electrical  potential  Even  in  fine  weather, 
its  variations  during  two  or  three  minutes  usually  amount  to  as  mucli 
as  20  per  cent  In  changeable  and  stormy  weather  they  are  much 
greater;  and  on  some  rare  occasions  it  changes  so  much  from  second 
to  second  that,  notwithstanding  the  mitigating  eflect  of  the  collecting 
process,  which  eases  off*  all  sudden  changes,  the  needle  of  the  electro- 
meter is  kept  in  a  continual  state  of  agitation. 

480  D.  Annual  and  Diurnal  Variations. — Observations  eveiywhere^ 
concur  in  showing  that  the  average  strength  of  potential  is  greater  in 
winter  than  in  summer;  but  the  months  of  maxima  and  minima 
appear  to  differ  considerably  at  different  places.  The  chief  maximum 
occurs  in  one  of  the  winter  months,  varying  at  different  places  from 

^  The  remarks  in  this  section  express  the  results  of  observation  at  places  aU  of  whidi  kk 
in  the  north  temperate  zone. 
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the  beginning  to  the  end  of  winter ;  and  the  chief  minimum  occurs 
everywhere  in  May  Or  June.  Both  Kew  and  Windsor  show  dis- 
tinctly two  maxima  in  the  year,  but  Brussels,  and  apparently 
Kreuznacb,  show  only  one.  The  ratio  of  the  highest  monthly  aver- 
age to  the  lowest  is  at  Kew  about  2*5,  at  Windsor  1-9,  and  at 
Kreuznacb  2  0. 

The  Kew  observations,  being  continuous,  are  specially  adapted  to 
throw  light  on  the  subject  of  diurnal  variation.  They  distinctly  in- 
<lieate  for  each  month  two  maxima,  which  in  July  occur  at  about 
8  A.M.  and  10  P.M.,  in  January  about  10  A.M.  and  7  P.M.,  and  in 
spring  and  autumn  about  9  and  9.  The  result  of  the  Brassels  obser- 
vations is  about  the  same. 

481.  Causes  of  Atmosplieric  Electricity. — Various  conjectures  have 
been  hazarded  regarding  the  sources  of  atmospheric  electricity;  but 
little  or  no  certain  knowledge  has  yet  been  obtained  on  this  subject. 
Evaporation  has  been  put  forward  as  a  cause,  but,  as  far  as  laboratory 
experiments  show,  whenever  electricity  has  been  generated  in  connec- 
tion with  evaporation,  the  real  source  has  been  friction,  as  in  Arm- 
strong'^  hydro-electric  machine.  The  chemical  processes  involved  in 
vegetation  have  also  been  adduced  as  causes,  but  without  any  suffi- 
cient evidence.  It  is  perhaps  not  too  much  to  say  that  the  only 
natural  agent  which  we  know  to  be  capable  of  electrifying  the  air  is 
the  friction  of  solid  and  liquid  particles  against  the  earth  and  against 
each  other  by  wind.  The  excessively  strong  indications  of  electricity 
observed  during  snow  accompanied  by  high  wind,  favour  the  idea 
that  this  may  be  an  important  source. 

Without  knowing  the  origin  of  atmospheric  electricity,  we  may, 
however,  give  some  explanation  of  the  electrical  phenomena  which 
occur  both  in  showers  and  in  thunder-storms.  Very  dry  air  is  an 
♦  excellent  non-conductor;  very  moist  air  has,  on  the  other  hand,  con- 
siderable conducting  power.  When  condensation  takes  place  at 
several  centres,  a  number  of  masses  of  non-conducting  matter  are 
transformed  into  conductors,  and  the  electricity  which  was  diffused 
through  their  substance  passes  to  their  surfaces.  These  separate  con- 
ductors influence  one  another.  If  one  of  them  is  torn  asunder  while 
under  influence,  its  two  portions  may  be  oppositely  charged ;  and  if 
rain  falls  from  the  under  surface  of  a  cloud  which  is  under  the  in- 
fluence of  electricity  above  it,  the  rain  whicli  falls  may  have  an 
oi>posite  charge  to  the  portion  which  is  left  suspended. 

The  coalescence  of  small  drops  to  form  large  ones,  though  it  in- 

40 
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creases  the  electrical  deosity  on  the  surfaces  of  the  drops,  does  not 
increase  the  total  quantity  of  electricity,  and  therefore  (§  445  k)  cannot 
directly  indueace  the  observed  potential. 

Thunder-storms  and  other  powerful  manifeBtatioDs  of  atmoepberic 
electricity  seem  to  be  accompaniments  of  very  sudden  and  complete 
condensation  which  gives  unusually  free  scope  to  the  canses  of 
irregular  distribution  just  indicated. 

483.  HfiiL — Hail  has  sometimes   been  ascribed   to  an  electrical 


origin,  and  a  singular  theory  was  devised  by  Volta  to  accoont  for 
the  supposed  fact  that  hailstones  are  sustained  in  the  air.  Be 
imagined  that  two  layers  of  cloud,  one  above  the  other,  chaiged  viih 
opposite  electricities,  kept  the  hailstones  continually  moving  up  and 
down  by  alternate  attraction  and  repulsion.  An  experiment  oUed 
electrie  kail  is  sometimes  employed  to  illustrate  this  idea.  Two 
metallic  plates  are  employed  (Fig.  409),  the  lower  one  connected  vith 
the  earth,  and  the  upper  one  with  the  conductor  of  the  electrical 
machine ;  and  pith-balls  are  placed  between  theno.  As  the  machine 
is  turned,  the  balls  fly  rapidly  backwards  and  forwards  from  one 
plate  to  the  other. 


WATEBSPOUTS. 


484.   WaterspontB. — Waterspouts,   being   often   accompanied    by 
strong  manifestations  of  electricity,  have  been  ascribed  by  Peltier  and 


others  to  an  electrical  origin;  but  the  account  of  them  given  in  the 
subjoined  note  appears  more  probable.^ 

'  "  On  ftccount  of  tbe  ceatrif iigal  force  biisng  froiu  the  rapid  gyrations  near  the  centra 
of  a  tornado,  it  muBt  fraquentl;  be  Dearly  a  racuuni.  Hence  whai  a  tornado  passes  over 
a  building,  the  eitemat  preuure,  in  a  great  measure,  is  suddeol;  removed,  when  Uie 
atmoaphere  vithin,  not  being  able  to  esc^w  at  once,  exerts  a  pressure  upon  the  interior, 
of  perhaps  n«arl;  fifteen  pounds  to  tbe  square  inch,  which  caases  the  parts  to  be  thrown  in 
every  direction  to  a  great  distance.  For  the  same  reason,  also,  the  corks  fly  from  emptj 
bottles,  and  everything  with  air  confined  within  explodes.  When  a  tornado  bi^ipens  at 
sea,  it  generallj  produces  a  waterspout.  Hiis  is  genaialljp  first  formed  above,  in  the  form 
of  a  cloud  shaped  Ulce  a  funnel  or  inverted  cone.  Ab  tbere  ia  less  resistance  to  tbe  motions 
in  the  upper  strata  than  near  tbe  earth's  surface,  the  rapid  gpntor;  motion  oammences 
there  first  .  ■  .  This  draws  down  the  strata  of  cold  air  above,  which,  coming  in  contact 
with  the  warm  and  moist  atmosphere  ascending  in  tbe  middle  of  the  tornado,  condensee  the 
vapour  and  forms  tbe  funnel-shaped  cloud.  As  the  gyratory  motion  becomes  more  violent, 
it  gradually  overcomes  the  resistanoes  nearer  the  surface  of  the  sea,  and  the  vertex  of  the 
fuimel-shaped  cloud  gradually  descends  lower,  and  the  imperfect  vacuum  of  the  centre  of  the 
tormwlo  reaches  the  sea,  op  which  the  water  has  a  tendency  to  ascend  to  a  certain  hraght, 
and  thence  the  ntfndly  ascending  spiral  motion  of  the  atmosphere  carries  the  spray  upward, 
until  it  joins  the  cloud  above,  when  the  waterapont  is  complete.  The  upper  part  of  a 
waterspout  is  frequently  formed  in  tornadoes  on  land.  When  tornadoes  happen  on  sandy 
plains,  ioBtead  of  waterspouts  tiiej  produce  the  moving  piQaiB  of  sand  which  are  often  seen 
on  sandy  deserts."— W.  Ferrel,  in  Mathtmatieal  JUmtkly.    See  note  g  tOC. 
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485.  Magnets,  Natural  and  Artificial. — Natural  magnets,  or  lode- 
atones,  are  exceedingly  rare,  although  a'  closely  allied  ore  of  iron, 
capable  of  being  strongly  acted  on  by  magnetic  forces,  and  hence 
called  magTietic  iron-ore,  is  found  in  large  quantity  in  Sweden  and 
elsewhere.  Artificial  magnets  are  usually  pieces  of  steel,  which  have 
been  permanently  endowed  with  magnetism  by  methods  which  we 
shall  hereafter  describe.  Magnets  are  chiefly  characterized  by  the 
j)roperty  of  attracting  iron,  and  by  the  tendency  to  assume  a  par- 
ticular orientation  when  freely  suspended. 

486.  Force  Greatest  at  the  Ends. — The  property  of  attracting  iron 
is  very  unequally  manifested  at  different  points  of  the  surfskce  of  a 
magnet.     If,  for  example,  an  ordinary  bar-magnet  be  plunged  in 

iron -filings,  these  cling  in  large 
quantity  to  the  terminal  portions, 
and  leave  the  middle  bare,  as  in 
the  lower  diagram  of  Fig,  411.  If 
the  magnet  is  very  thick  in  pro- 
portion to  its  length,  we  may  have 
filings  adhering  to  all  parts  of  it, 
but  the  quantity  diminishes  rapid- 
ly towards  the  middle.  The  name 
2wle8  is  used,  in  a  somewhat  loose  sense,  to  denote  the  two  terminal 
portions  of  a  magnet,  or  to  denote  two  points,  not  very  accurately 
defined,  situated  in  these  portions.  The  middle  portion,  to  which  the 
filings  refuse  to  adhere,  is  called  neutral. 

487.  Lines  Formed  by  Pilings. — If  a  sheet  of  card  is  laid  horizon- 
t<xlly  upon  a  magnet,  and  wrought- iron  filings  are  sifted  over  it,  these 
will,  with  the  assistance  of  a  few  taps  given  to  the  card,  arrange 


Fig  411.— MagnetedipiiedinFilingB. 
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themselvea  in  a  system  of  curved  lines,  as  sliown  in  Fig.  412.  These 
lines  give  very  important  indications  both  of  the  direction  and  inten- 
sity of  the  force  produced  by  the  magnet  at  different  points  of  the 


Fig.  412.— HagiHUii  CnTi'ix. 

Space  around  it'     They  cluster  very  closely  about  the  two  poles  p  p, 
and  thus  indicate  the  places  where  the  force  is  most  intense. 

488.  Curve  of  Intensities. — Some  idea  may  be  obtained  of  the  rela- 
tive intensities  of  magnetic  force  at  different  points  in  the  length  of 
a  magnet,  by  measuring  the  weights  of  iron  which  can  be  supported 
at  them.  Much  better  determinations  can  be  obtained  either  by  the 
use  of  the  torsion-balance,  or  by  counting  the  number  of  vibrations 
made  by  a  small  magnetized  needle  when  suspended  opposite  different 
parts  of  tlie  bar,  the  bar  being  in  a  vertical  position,  and  the  vibra- 
tions of  the  needle  being  horizontal.  The  intensity  of  the  force  is 
nearly  as  the  square  of  the  number  of  vibrations ;  on  the  same  prin- 
ciple that  the  force  of  gravity  at  different  places  ia  proportional  to  the 
square  of  the  number  of  vibrations  of  a  pendulum  (§  47).  Both  these 
methods  of  determination  were  employed  by  Coulomb,  who  was  the 
first  to  make  m^netism  an  accurate  science;  and  the  results  which 
he  obtained  ai-e  represented  by  the  curve  of  inteusifciea  AMB  (Fig. 
413).     M  is  the  middle  of  the  bar,  Oone  end  of  it,  and  the  ordinates 

'  The  lines  formed  by  the  filings  nmj  be  called  the  lines  of  fffeelirt  forte  for  partida  only 
frtt  to  mow  tn  (ht  plant  of  thi  card.  The  lines  of  total  foree  cut  the  card  at  varioue 
M^les,  uid  Are  at  some  places  perpendicular  to  it,  aa  shown  by  the  filings  standing  on  end 
For  tb«  deSnilJon  of  lines  of  magnetic  force,  see  §  494  A. 
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Fig.  41S.— Oarre  of  InteiudtiM. 


of  the  curve  (that  is,  the  distances  of  its  points  from  the  line  O  X) 
represent  the  intensities  of  force  at  the  different  points  in  its  length. 
The  curve  was  constructed  from  observations  of  the  force  at  several 

points  in  the  length ;  but  in 
dealing  with  the  observa- 
tion made  opposite  the  ven- 
end,  the  force  actually  ob- 
served was  multiplied  by  2. 
Perfect  symmetry  was  found 
between  the  intensities  over 
the  two  halves  of  the  length. 
In  the  figure  we  have  in- 
verted  the  curve  for  one- 
half,  in  order  to  indicate  an  opposition  of  properties,  which  we  shall 
shortly  have  to  describe.     The  curves  of  intensities  for  two  magnets 
of  different  sizes  but  of  the  same  form  are  usually  similar. 

489.  Magnetic  Needle. — Any  magnet  freely  suspended  near  its 

centre  is  usually  called  a  magnetk 
needle,  or  more  properly  a  Tnagru- 
tized  needle.  One  of  its  most  usual 
forms  is  that  of  a  very  elongated 
rhombus  of  thin  steel,  having,  very 
near  its  centre,  a  concavity  or  cup 
by  means  of  which  it  can  be  bal- 
anced on  a  point.  When  it  is  thus 
balanced  horizontally,  it  does  not^ 
like  a  piece  of  ordinary  matter,  re- 
main in  equilibrium  in  all  azi- 
muths,^ but  assumes  one  paiticulax 
direction,  to  which  it  always  comes 
back  after  displacement.  In  thk 
position  of  stable  equilibrium,  one 
of  its  ends  points  to  magnetic  north, 
and  the  other  to  magnetic  south, 
which  differ  in  general  by  several  degrees  from  geographical  (or 
true)  north  and  south.  This  is  the  principle  on  which  compasses  are 
constructed. 

^  All  lines  in  the  same  vertical  plane  are  said  to  have  the  same  eizimtUk.  Azbnathal 
angles  are  angles  between  vertical  planes,  or  between  horizontal  linee.  The  aamuth  of  i 
line  when  stated  numerically,  is  the  angle  which  the  vertical  plane  containing  it  makes 
with  a  vertical  plane  of  reference,  and  this  latter  is  usuaUy  the  plane  of  the  meridiaiL 


Fig.  414.— Magnetised  Needle. 
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490.  Declination. — The  difference  between  magnetic  and  true  north, 
or  the  angle  betireen  the  magnetic  meridian  and  the  geographical 
meridian,  is  called  magnetic  decli/nation}   It  .     h    . 

■  is  very  different  at  different  phu;es,  and  at  /''^f^^"^"- 

a  given   place  undergoes  a  gradual   change       X        V  \ 

from  ye&T  to  year,  besides  smaller  changes,     /  W  \ 

backwards  and  forwards,  which  are  contina-  »[-  ^^ }i 

ally  taking  place.    At  Greenwich,  at  the  pre-     \  11  / 

sent  time,  its  value  ia  about  20°  W,,  that  is,      \  \\        J 

magnetic  north  is  west  of  true  north  by  this         ^--..IV^^^ 
amount.     For  the  British  Isles  gencAlly  its  ^    ^ 

value  is  from  20°  bo  30°  W.  ng.  4ia.— DeoibuUsa. 

491.  Inclination  or  Dip.— If,  before  mag- 
netizing a  needle,  we  mount  it  on  an  axis  passing  through  its  centre 
of  gravity,  and  support  the  ends  of  the  axis,  as  in  Fig.  416,  by  a 
thread  without  torsion,  the  needle  will  remain  in  equilibrium  in  any 
poution  in  which  it  may  be  placed.  If  it  be  then  monetized,  it  will 
no  longer  be  indifferent,  but  will 

place  itself  in  a  particular  vertical 
plane  called  the  magnetic  meri- 
dian, and  will  take  a  particular 
direction  in  this  plane.  This  di- 
rection is  not  horizontal,  but  in- 
clined, generally  at  a  considerable 
angle,  to  the  horizon;  and  this 
angle  is  called  dij)  or  inclifia- 
tiorb.  Its  value  at  Greenwich  is 
about  67°,  the  end  which  points 
to  the  north  pointing  at  the  same 
time  downwards.  In  the  north- 
ern hemisphere  generally,  it  is  the 
north  end  of  the  needle  which 
dips,  and  in  the  southern  hemi- 

si^ere  it  is  the  end  which  points  ^  4i«._Dip. 

south. 

Some  readera  may  bs  gUd  to  be  reminded  that  bj  the  plane  of  the  Mtridian  ii  meant  a 
vertical  plane  puaing  throng  tbe  place  of  obeervation,  and  through  or  parallel  to  ths 
outfa'i  axil.  A  horiiontal  line  in  this  plane  ia  a  meridian  line.  Tbe  aiaffiulie  nurUUan  it 
tbe  Tertical  plane  in  irhioh  a  magnetized  needle,  when  freely  suapended,  tends  to  place  itidf . 
'  llie  nautical  name  for  magnetic  declination  is  mriofton;  but  it  ia  moat  inconrenient 
igtodenotetbeelement  itself  b7  the  same  name  aa  the  Tariations  of  the  element. 
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It  foUows  that,  if  a  magnetized  needle  is  to  be  balanced  in  a  hori- 
zontal position,  the  point  or  axis  of  support  must  not  be  in  the  same 
vertical  with  the  centre  of  gravity,  but  must  be  between  the  centre 
of  gravity  and  the  end  which  tends  to  dip.  Needles  thus  balanced, 
as  in  the  ordinary  mariner's  compass,  are  called  declination  needles. 

492.  Mutual  Action  of  Poles. — On  presenting  one  end  of  a  magnet 
to  one  end  of  a  needle  thus  balanced,  we  obtain  either  repulsion  or 
attraction,  according  as  the  pole  which  is  presented  is  similar  or  dis- 
similar to  that  to  which  it  is  presented.  Poles  of  contrary  name 
attract  each  other;  poles  of  the  same  n/ime  repel  each  other. 

This  property  furnishes  the  means  of  distinguishing  a  body  which 
is  merely  magnetic  (that  is,  capable  of  temj')orary  magnetization)  from 
a  permanent  magnet.  The  former,  a  piece  of  soft  iron  for  example, 
is  always  attracted  by  either  pole  of  a  magnet ;  while  a  body  which 
has  received  permanent  magnetization  has,  in  ordinary  cases,  two 
poles,  of  which  one  is  attracted  where  the  other  is  repelled.  Mag- 
netic attractions  and  repulsions  are  exerted  without  modification 
through  any  body  which  may  be  interposed,  provided  it  be  not 
magnetic. 

492  a.  Names  of  Poles. — The  phenomena  of  declination  and  inclina- 
tion above  described,  evidently  require  us  to  regard  the  earth,  in  a 
broad  sense,  as  a  magnet,  having  one  pole  in  the  northern  and  the 
other  in  the  southern  hemisphere.  Now  since  poles  which  attract 
one  another  are  dissimilar,  it  follows  that  the  magnetic  pole  of  the 
earth  which  is  situated  in  the  northern  hemisphere  is  di^milar  tci 
that  end  of  a  magnetized  needle  which  points  to  the  north.  Hence 
great  confusion  of  nomenclature  has  arisen,  the  usage  of  the  best 
writers  being  opposite  to  that  which  generally  prevails.  We  shall 
call  that  end  or  pole  of  a  needle  which  seeks  the  north,  the  north- 
seeking  end  or  pole,  and  the  other  the  south-seeking  end  or  pole. 
Sir  Wm.  Thomson  calls  the  north-seeking  pole  the  south  pole,  and 
the  other  the  north  pole,  because  the  former  is  similar  to  the  south, 
and  the  latter  to  the  north  pole  of  the  earth  In  like  manner  most 
French  writers  call  the  north-seeking  pole  of  a  needle  the  austral, 
and  the  other  the  boreal  pole.  Popular  usage  in  this  country  calls 
the  north-seeking  end  the  north,  and  the  other  the  south  pole,  a 
nomenclature  which  introduces  great  confusion  whenever  we  have 
to  reason  respecting  the  earth  regarded  as  a  magnet  Faraday,  to 
avoid  the  ambiguity  which  has  attached  itself  to  the  names  north 
and  south  pole,  calls  the  north-seeking  end  the  marked,  and  the  other 
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the  unmarked  pole.  Airy,  for  a  similar  reason,  employs,  in  bis  recent 
Treatise  cm  Magnetism,  the  distinctive  nameB  red  and  blv^  to  denote 
respectively  the  north-seeking  and  south-seeking  ends,  these  names, 
as  well  as  those  employed  by  Faraday,  being  purely  conventional, 
and  founded  on  the  custom  of  marking  the  north-seeking  end  of  a 
magnet  with  a  transvei'se  notch  or  aspot  of  red  paint.  Maxwell  and 
Jenkin,  in  a  report  to  the  British  Association,'  call  the  south-seeking 
pole  of  a  needle  ponitive,  and  the  north-seeking  pole  negative. 

493.  Ka^netic  Induction. — When  a  piece  of  iron  is  in  contact  with 


a  magnet, -or  even  when  amt^efc  is  simply  brought  near  it,  it  becomes 
itself,  for  the  time,  a  magnet,  with  two  poles  and  a  neutral  portion 
between  them.  If  we  scatter  filings  over  the  iron,  they  will  adhere 
to  its  ends,  as  shown  in  Fig,  417.  If  we  take  away  the  influencing 
magnH,  the  filings  will  fall  off,  and  the  iron  will  retain  either  no 
traces  at  all  or  only  very  faint  ones  of  its  magnetization.  If  we  apply 
similar  treatment  to  a  piece  of  steel,  we  obtain  a  result  similar  in 
some  respects,  but  with  very  important  differences  in  degree.  The 
steel,  while  under  the  influence  of  the  magnet,  exhibits  much  weaker 
effects  than  the  iron  ;  it  is  much  more  difficult  to  magnetize  than  iron, 
and  does  not  admit  of  being  so  powerfully  magnetized ;  but,  on  the 
other  hand,  it  retains  its  magnetization  after  the  influencing  magnet 
has  been  withdrawn.  This  property  of  retaining  magnetism  when 
once  imparted  has  been  (somewhat  awkwardly)  named  coercive  force. 
Steel,  especially  when  very  hard,  possesses  great  coercive  force ;  iron, 
especially  when  very  pure  and  soft,  scarcely  any. 

In  mngnetization  by  influence,  which  is  also  called  magnetic 
induction,  it  will  be  found,  on  examination,  that  the  pole  which  is 
next  the  inducing  pole  is  of  contrary  name  to  it;  and  it  is  on  account 
of  the  mutual  attraction  of  dissimilar  poles  that  the  iron  is  attracted 

'  Rtpwt  of  Skctrical  Slaadardi  Commiltef,  Appendii  C.     1863. 
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by  the  ma^et  The  iron  cao,  in  its  turn,  support  a  second  piece  of 
iron ;  this  again  can  support  a  third,  and  so  on  through  many  stepa. 
A  m^netic  chaiu  can  tbus 
be  formed,  each  of  the  oom- 
ponent  pieces  having  two 
poles.  An  action  of  this 
kind  takes  place  in  the  elos- 
ters  of  filings  which  attach 
themselves  to  one  end  of  a 
magnetized  bar,  these  clus- 
ters being  composed  of  nu- 
meroos  chains  of  filings. 

In  comparing  the  pbeno- 
mena  of  magnetic  induction 
with  those  of  electrical  in- 
duction, we  find  both  poinU 
of  resemblance  and  points 
of  difference.  In  the  case  of 
Fig.  iiB.-K«pnitio  cbiin.  electricity,  if  the  influenc- 

ing and  influenced  body 
are  allowed  to  come  in  contact,  the  former  loses  some  of  its  own 
chatge  to  the  latter.  In  the  case  of  magnetism  there  is  no  such  loss, 
a  magnet  after  touching  sotl  iron  is  found  to  be  as  strongly  magnet- 
ized as  it  was  before. 

494.  Efibct  of  Bnptura  on  a  Ma^et. — If  a  magnet  is  broken  into 
any  number  of  pieces,  every  piece  will  be  a  complete  magnet  with 


Fig.  119.— Brokin  Hagnet. 

poles  of  its  owD-  In  the  case  of  an  ordinary  bar-magnet  or  needle 
the  similar  poles  of  the  pieces  will  all  be  turned  the  same  way,  as  in 
Fig.  419,  which  represents  a  magnet  AB  broken  into  four  pieces 
The  ends  a,  a,  a,  a  are  of  one  name,  and  the  ends  b,  b,  b,  b  of  the 
opposite  name. 

494a.  Imaginary  Hagnetio  Flnids:  Hagnetio  Potential. — All  matual 

forces  between  magnets  can  be  reduced  to  attractions  and  repulsioDS 

between  difl'erent  portions  of  two  imaginary  fluids,'  one  of  which 

*  Poimon.  fallowing  Coulomb,  spoke  of  tuo  magnelic  jtuidt,  uid  lud  down  *  tbeof7  <^ 
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may  be  called  positive  and  the  other  negative.  Neither  fluid  can 
exist  apart  from  the  other ;  every  magnet  possesses  equal  quantities 
of  both;  quantity  being  measured  by  force  of  attraction  or  repulsion 
at  given  distance,  just  as  in  the  case  of  electricity,  like  portions 
repelling,  and  unlike  portions  attracting  each  other  inversely  as  the 
square  of  the  distance.  Equal  quantities  of  the  two  fluids,  when 
coexisting  at  the  same  place,  produce  no  resultant  efiect,  and  may 
be  regarded  as  destroying  each  other. 

With  reference  to  these  imaginary  fluids,  magnetic  potential  can 
be  defined  in  the  same  way  as  electrical  potential,  and  magnetic  lines 
of  force  possess  the  same  properties  as  electrical  lines  of  force  (§  445  A 
— 445  k).  The  direction  of  magnetic  force  at  a  point  can  either  be 
defined  as  the  direction  in  which  a  pole  of  a  magnet  would  be  urged 
if  brought  to  the  point,  or  as  the  direction  in  which  a  small  magnet- 
ized needle,  if  brought  to  the  point  and  balanced  at  its  centre  of 
gravity,  would  place  its  Kne  of  poles;  and  lines  of  magnetic  force  are 
lines  to  which  this  direction  is  everywhere  tangential.  It  is  impor- 
tant to  remark  that  a  linear  piece  of  soft  iron,  though  it  sets  its 
length  along  a  line  of  force,  does  not  travel  along  a  line  of  force,  but 
deviates  towards  the  concave  side.  This  is  easily  shown  by  tapping 
the  card  represented  in  Fig.  412.  It  will  be  found  that  filings  placed 
on  the  line  m  m  move  along  that  line,  and  therefore  at  right  angles 
to  the  lines  of  force.  The  force  which  is  specified  by  magnetic  "  lines 
of  force"  is  the  force  which  OTie  pole  of  a  permanent  magnet  would 
experience;  and  it  is  the  same  in  intensity,  but  opposite  in  direction, 
for  dissimilar  polea 

494  b.  Speciflcatlon  of  Magnetisation. — A  piece  of  steel  is  said  to  be 
uniformly  magnetized,  if  equal  and  similar  portions,  cut  in  parallel 
directions  from  all  parts  of  it,  are  precisely  alike  in  their  magnetic 
properties. 

If  a  piece  of  magnetized  steel  be  suspended  at  its  centre  of  gravity, 
so  as  to  be  free  to  turn  all  ways  about  it,  the  effect  of  the  earth's 
magnetism  upon  it  consists  in  a  tendency  for  a  particular  line,  through 
this  centre  of  gravity,  to  take  a  determinate  direction,  which  is  the 
direction  of  terrestrial  magnetic  force.  When  the  line  is  placed  in 
any  other  position,  the  couple  tending  to  bring  it  back  is  propor- 

their  action.  Sir  W.  Thomson,  avoiding  the  hypothetical  parts  of  Poisson's  theoxy,  speaks 
of  imaginary  magnetic  matter  of  two  dissimilar  kinds.  We  have  retained  the  more  familiar 
name  Jiuid,  simply  because  it  is  more  convenient  to  speak  of  two  fluids  than  of  two  kinds 
of  matter.  It  is  to  be  noted  that  we  cannot  speak  of  two  moffnetismSt  the  name  magnetism 
having  been  already  appropriated  in  a  different  sense. 
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tional  to  the  sine  of  the  angle  between  the  two  positions,  and  is  tbt* 
8ame  for  all  directions  of  deviation.  The  line  which  possesses  this 
property  is  the  magnetic  axis  of  the  body,  and  the  name  is  sometime^) 
given  to  all  lines  parallel  to  it.  If  the  piece  of  steel  be  uniformly 
magnetized,  this  axis  is  the  direction  of  magnetization;  or  the  direc- 
tion of  magnetization  is  the  com'tnon  direction  of  all  those  lines 
which  tend  to  place  themselves  along  lines  of  force  in  a  field'  where 
the  lines  of  force  are  parallel 

494  c.  Ideal  Simple  Magnet:  Thin  Bar,  uniformly  and  longitadinally 
Magnetized. — The  mutual  actions  of  magnets  admit  of  very  accurate 
expression  when  the  magnets  are  very  thin  in  comparison  with  their 
length,  uniform  in  section,  and  uniformly  magnetized  in  the  direc- 
tion of  their  length.  Such  bars,  which  may  be  called  simple  magnets, 
behave  as  if  their  forces  resided  solely  in  their  ends,  which  may  there- 
fore in  the  strictest  sense  be  called  their  poles.  The  two  poles  of  any 
one  such  bar  are  equal  in  strength ;  that  is  to  say,  one  of  them  attracts 
a  pole  of  another  simple  magnet  with  the  same  force  with  which  the 
other  repels  it  at  the  same  distance.  In  the  language  of  the  two- 
fluid  theory,  the  two  fluids  destroy  one  another  except  at  the  two 
ends,  and  the  quantities  which  reside  at  the  ends  are  equal  but  of 
opposite  sign.  The  same  number  which  denotes  the  quantity  of  flui'! 
at  either  pole,  denotes  the  strength  of  the  pole,  or,  as  it  is  often  calleii. 
the  strength  of  the  magnet.  Its  definition  is  best  expressed  by  saying 
that  the  force  between  a  pole  of  one  simple  magnet  and  a  pole  of 
another,  is  the  product  of  their  strengths  divided  by  the  square  of 
the  distance  between  them.* 

The  force  which  a  pole  of  a  simple  magnet  experiences  in  a  mag- 
netic field,  is  the  product  of  the  strength  of  the  pole  and  the  intensiiif 
of  the  field.  This  rule  applies  to  the  force  which  a  pole  experienct^ 
from  the  earth's  magnetism,  the  intensity  of  the  field  being  in  thi^ 
case  the  intensity  of  terrestrial  magnetic  force;  and,  from  the  uni- 
formity of  the  field,  the  forces  on  the  two  poles  are  in  this  case  equal, 
constituting  a  couple,  whose  arm  is  the  line  joining  the  poles  malti- 

*  Afield  of  force  ib  any  region  of  space  trayeiaed  by  lines  of  fnroe;  or,  in  other  wcnis 
any  region  pervaded  by  force  of  attraction  or  repulsion.  A  mofputie  field  is  any  regifi' 
pervaded  by  magnetic  force.  All  space  in  the  neighbourhood  of  the  earth  is  a  msgnetic 
field,  and  within  moderate  distances  the  lines  of  force  in  it  may  be  r^arded  as  paralle!. 
unless  artificial  mi^ets  or  pieces  of  iron  are  present  to  produce  disturbance. 

*  We  here,  and  throughout  the  remainder  of  this  chapter,  ignore  the  existenoe  of  iodac- 
tion,  which,  however,  is  not  altogether  absent  even  in  the  hardest  steeL  The  effect  <( 
induction  is  always  to  favour  attraction.  The  attractions  will  therefore  be  aomewLit 
stronger,  and  the  repulsions  somewhat  weaker,  than  our  theory  supposes. 
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plied  by  the  sine  of  the  angle  which  this  line  makes  with  the  lines 
of  force. 

The  product  of  the  line  joining  the  two  poles  by  the  strength  of 
either  pole  is  called  the  moment  of  the  Tnagnet,  and  it  is  evident, 
from  what  has  just  been  said,  that  the  continued  product  of  the' 
vumient  of  the  w,agnet,  the  vntenaity  of  tei^eatrial  Tnagnetic  farce, 
and  the  sine  of  the  angle  between  the  length  of  the  Tnagnet  and  ilie 
lines  of  force,  is  equal  to  the  moment  of  the  couple  which  the  earth's 
magnetism  exerts  upon  the  magnet. 

494  D.  Compound  Magnet  of  Uniform  Magnetization. — Any  magnet 
which  is  not  a  simple  magnet  in  the  sense  defined  in  §  494  c  may  be 
called  a  compound  magnet.  It  is  convenient  to  define  the  moment 
of  a  compound  magnet  by  the  condition  stated  in  the  concluding 
words  of  that  section,  so  that  the  moments  of  difierent  magnets, 
whether  simple  or  compound,  may  be  compared  by  comparing  the 
couples  exerted  on  them  by  terrestrial  magnetism  when  their  axes 
are  equally  inclined  to  the  lines  of  force. 

If  a  number  of  simple  magnets  of  equal  strength  be  joined  end  to 
end,  with  their  similar  poles  pointing  the  same  way,  there  will  be 
mutual  destruction  of  the  two  imaginary  fluids  at  every  junction, 
and  the  system  will  constitute  one  simple  magnet  of  the  same  strengtii 
as  any  one  of  its  components ;  but  its  moment  will  evidently  be  the 
sum  of  their  moments. 

If  any  number  of  simple  magnets  be  united,  either  end  to  end  or 
side  to  side,  provided  only  that  they  are  parallel,  and  have  their 
.similar  poles  turned  the  same  way,  the  resultant  couple  exerted  upon 
the  whole  system  by  terrestrial  magnetism  will  (§  1 4)  be  the  sum  of 
the  separate  couples  exerted  on  each  simple  magnet,  and  the  moment 
of  the  system  will  be  the  sum  of  the  moments  of  its  parts.  But  any 
j>iece  of  uniformly  magnetized  material  may  be  regarded  as  being 
thus  built  up,  and  hence,  if  difierent  portions  be  cut  from  the  same 
uniformly  magnetized  mass,  their  moments  will  be  simply  propor- 
tional to  their  volumes.  The  quotient  of  moment  by  volume,  for  any 
uniformly  magnetized  mass,  is  called  intensity  of  magnetization. 

494 E.  Actual  Magnets. — The  definitions  and  laws  of  simple  magnets 
are  approximately  applicable  to  actual  magnets,  when  magnetized 
in  the  usual  manner. 

If  an  actual  bar-magnet  in  the  form  of  a  rectangular  parallel opiped 
were  magnetized  with  perfect  uniformity,  and  in  the  direction  of  its 
length,  it  might  be  regarded  as  made  up  of  a  number  of  simple 
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magnets  laid  side  by  side,  and  its  behaviour  would  be  represented  by 
supposing  a  complete  absence  of  magnetic  fluid  fix)m  all  parts  of  it 
except  its  ends  (in  the  strict  mathematical  sense).  One  of  these  ter- 
minal faces  would  be  covered  with  positive,  and  the  other  with 
negative  fluid,  and  if  the  magnet  were  broken  across  at  any  part  of 
its  length,  the  quantities  of  positive  and  negative  fluid  on  the  broken 
ends  would  be  the  same  as  on  the  ends  of  the  complete  magnet.  The 
observed  fact  that  magnets  behave  as  if  the  fluids  were  distributed 
through  a  portion  of  their  substance  in  the  neighbourhood  of  the  ends, 
and  not  confined  to  the  ends  strictly  so  called,  indicates  a  falling  off 
in  magnetization  towards  the  extremities,  and  is  approximately  repre- 
sented by  conceiving  of  a  number  of  short  magnets  laid  end  to  end, 
and  falling  off  in  strength  towards  the  two  extremities  of  the  series.^ 

The  resultant  force  due  to  the  imaginary  magnetic  fluids  which  are 
distributed  through  the  terminal  portions  of  an  actual  bar-magnet  is, 
in  the  case  of  actions  at  a  great  distance,  sensibly  the  same  as  if  Uie 
two  portions  of  fluid  were  collected  at  their  respective  centres  of 
gravity.  These  two  centres  of  gravity  are  the  poles  of  the  magnet 
for  all  actions  between  the  magnet  and  other  magnets  at  a  great 
distance,  and  more  especially  between  the  magnet  and  the  earth. 

The  moment  of  any  magnet,  however  irregular  in  its  magnetizar 
tion,  may  be  defined  by  reference  to  the  expression  given  in  §  494c 
for  the  couple  exerted  on  the  body  by  terrestrial  magnetism.  This 
couple  is  M I  sin  a,  where  I  denotes  the  intensity  of  terrestrial  mag- 
netic force,  a  the  inclination  of  the  magnetic  axis  of  the  body  to  the 
lines  of  the  earth's  magnetic  force,  and  M  the  moment  which  we  are 
defining. 

^  Thus  the  last  magnet  at  the  positive  end  being  weaker  than  its  neighbour,  its  negative 
pole  will  be  weaker  than  its  neighbour's  positive  pole,  so  that  there  will  be  an  excess  of 
positive  fluid  at  this  junction.  Similar  reasoning  applies  to  all  the  junctions  near  the  ends. 
There  will  be  an  excess  of  positive  fluid  at  all  junctions  near  the  positive  end,  «nd  an 
excess  of  negative  at  all  junctions  near  the  negative  end. 


CHAPTER   XLIV. 


EXPERIMENTAL    DETAILS. 


496.  The  Earth's  Force  aimply  Directive. — The  forces  which  pro- 
duce the  orientation  of  a  magnet  depend  upon  causes  of  which  very 
little  is  known.  They  are  evidently  connected  in  some  way  with 
the  earth,  and  are  accordingly  referred  to  terrestrial  magnetism. 
We  have  already  stated  (§  494  b)  that  the  combined  effect  of  the  forces 
exerted  by  terrestrial  magnetism  upon  a  magnetized  needle  is  equi- 
valent  to  a  couple  tending  to  turn  the  needle  into  a  particular  direc- 
tion, and  (§  494  e)  that  in  the  case  of  needles  magnetized  in  the 
ordinary  way,  there  are  two  definite  points  or  poles  (near  the  two 
ends  of  the  needle)  which  may  be  regarded  as  the  points  of  applica- 
tion of  the  two  equal  foi*ces  which  constitute  the  coupla 

The  fact  that  terrestrial  magnetic  force  simply  tends  to  turn  the 
needle,  and  not  to  give  it  a  movement  of  translation,  in  other  words, 
that  the  resultant  forc^  (as  distinguished  from  couple)  is  zero,  is  com- 
pletely proved  by  Ihe  two  following  experiments :  — 

(1)  If  a  bar  of  steel  is  weighed  before  and  after  magnetization,  no 
change  is  found  in  its  weight.  This  proves  that  the  vertical  com- 
ponent is  zero. 

(2)  If  a  bar  of  steel,  not  magnetized,  is  suspended  by  a  long  and 
fine  thread,  the  direction  of  the  thread  is  of  course  vertical.  If  the 
bar  is  then  magnetized,  the  direction  of  the  thread  still  remains  ver- 
tical. The  most  rigorous  tests  fail  to  show  any  change  of  its  position. 
This  proves  that  the  horizontal  component  is  zero,  a  conclusion  which 
may  be  verified  by  fioating  a  magnet  on  water  by  means  of  a  cork. 
It  will  be  found  that  there  is  no  tendency  to  move  across  the  water 
in  any  particular  direction. 

496.  Horisontaly  Tertical,  and  Total  Intensities. — If  S  denote  the 
strength  of  a  magnet,  and  I  the  intensity  of  terrestrial  magnetic  force, 
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each  pole  of  the  magnet  experiences  a  force  SI,  and  if  L  denote  the 
distance  between  the  poles  (often  called  the  length  of  the  magnet), 
the  distance  between  the  lines  of  action  of  these  two  parallel  and 
opposite  forces  may  have  any  value  intermediate  between  L  and  zero, 
according  to  the  position  in  which  the  needle  is  held.  It  will  be  zero 
when  the  line  of  poles  is  that  of  the  dipping-needle;  it  will  be  L 
when  the  line  of  poles  is  perpendicular  to  the  dipping-needle;  and 
will  be  L  sin  a  when  the  line  of  poles  is  inclined  at  any  angle  a  to 
the  dipping-needle. 

The  force  S I  upon  either  pole  of  the  magnet  acts  in  the  direction 
of  the  dipping-needle ;  in  other  words,  in  the  direction  of  the  lines  of 
force  due  to  terrestrial  magnetism.  Let  3  denote  the  dip,  that  is  the 
inclination  of  the  lines  of  force  to  the  horizon,  then  the  force  SI  can 
be  resolved  into  SI  cos  i  horizontal,  and  SI  sin  i  vertical  Hence 
the  horizontal  and  vertical  intensities  H  and  V  are  connected  with 
the  total  intensity  and  dip  I  and  Z  by  the  two  equations 

which  are  equivalent  to  the  following  two 

V 

g^tanfi        ,         V»  +  H«=I».  (2) 

497.  Torsion-balance. — Coulomb,  in  investigating  the  laws  of  the 
mutual  action  of  magnets,  employed  a  torsion-balance  scarcely  dif- 
fering from  that  which  he  used  in  his  electrical  researches.  The 
suspending  thread  earned,  at  its  lower  end,  a  stirrup  on  which  a 
magnetized  bar  was  laid  horizontally.  The  torsion  head  was  so 
adjusted  that  one  end  of  the  magnet  was  opposite  the  zero  of  the 
divisions  on  the  glass  case  when  the  supporting  thread  was  without 
torsion.  In  order  to  effect  this  adjustment,  the  magnet  was  first 
suspended  by  a  thread  whose  toi^sional  power  was  inconsiderable,  so 
that  the  magnet  placed  itself  in  the  magnetic  meridian.  The  case 
was  then  tuj*ned  till  its  zero  came  to  this  position.  The  torsionless 
thread  was  then  replaced  by  a  fine  metallic  wire,  and  the  magnet 
was  replaced  by  a  copper  bar  of  the  same  weight.  Tlie  head  was 
then  turned  till  this  bar  came  into  the  magnetic  meridiiin,  and  lastly 
the  magnet  was  put  in  the  place  of  the  bar. 

Fig.  420  shows  the  arrangement  adopted  for  observing  the  repul- 
sion or  attraction  between  one  pole  of  the  suspended  magnet  and  one 
pole  of  another  magnet  placed  vertically.  Before  the  insertion  of 
the  latter,  the  suspended  magnet  was  acted  on  by  no  horizontal 
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forces  except  the  horizontal  component  of  terrestrial  magnetism  and 
the  torsion  of  the  vire.  It  was  then  found  that  the  torsion  requisite 
for  keeping  the  magnet  in  any  position  was  proportional  to  the  sine 
of  the  displacement  from  the  meridian. 

This  result  is  evidently  in  accordance  with  the  principles  stated 


above,  for  the  two  equal  horizontal  forces  on  the  two  poles  being 
constant  for  all  positions,  the  couple  which  they  compose  is  propor- 
tional to  the  distance  between  their  lines  of  action,  and  this  distance 
is  evidently  L  sin  0,  L  denoting  the  constant  distance  between  the 
poles,  and  8  the  deviation  of  the  needle  from  the  meridian. 

499.  Measurement  of  Declination. — Magnetic  declination  has  been 
observed  with  several  different  foims  of  apparatus 

At  sea,  the  most  common  method  of  determining  it  has  consisted 
in  observing  the  magnetic  bearing  of  the  rising  or  setting  sun,  and 
comparing  this  with  it^  true  bearing  as  calculated  by  a  well-known 
astronomical  method. 

For  more  accurate  determination  on  land,  the  declination  compass 
or  declination  theodolite*  (Fig.  422)  has  been  frequently  employed. 

'  A  Iheodolitt  conHiste  of  a  teleaoope  mounted  so  u  to  haie  independent  motioiw  in 
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When  the  iostrumeDt  is  set  by  the  help  of  astronomical  obserrationa, 
so  that  the  vertical  plane  in 
which  the  telescope  LL'  (or 
more  RCcurately  ita  line  of  col- 
limation)  moves,  coincides  with 
the  geographical  meridiaii,  the 
ends  of  the  needle  indicate  the 
declination  on  the  graduated 
circle  over  which  they  move 
This  circle  in  fact  turns  with 
the  telescope,  the  line  of  0°  and 
180°  ns  being  always  in  the 
same  vertical  plane  with  the 
line  of  collimation  of  the  tele- 
I  scope.  The  external  divided 
circle  PQ  is  used  for  setting  the 
instrument  in  the  meridian. 

At  fixed   observatories  more 

accurate  methods  of  observation 

s  the  arrangement  adopted  at  Green- 


Fig,  m— DKUutlon  TbKdoU 


are  employed.     Fig.  122a  s 


wich.    A  bar-magnet  B  carries  at  one  end  a  cross  of  fine  threads  C,  and 


aamuth  and  *]titude,  the  unounta  of 
arcs  of  circles.  It  does  not  difTer 
altaiimuth. 
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at  the  other  a  lens  D,  the  distance  betwee^n  them  being  equal  to  the 
focal  length  of  the  lens,  thus  forming  a  kind  of  inverted  telescope, 
whose  line  of  coUimation  is  the  line  joining  the  cross  to  the  optical 
centre  of  the  lens.  The  bar  is  suspended  by  means  of  a  stirrup  from  a 
torsionless  thread,  and  sets  its  magnetic  axis  in  the  magnetic  meridian. 
The  telescope  E,  with  theodolite  mounting,  is  stationed  opposite  the 
end  which  carries  the  lens,  and  is  so  adjusted  at  each  observation  that 
its  line  of  coUimation  is  parallel  to  that  of  the  inverted  telescope 
carried  by  the  magnet,  an  adjustment  which  is  identified  by  seeing 
the  cross  C  coincident  with  a  similar  cross  fixed  in  the  interior  of  the 
telescope  E.  When  the  observation  has  been  made  with  the  magnet 
in  one  position,  it  must  be  repeated  with  the  magnet  turned  upside 
down  as  shown  in  the  figure.  Error  of  parallelism  between  the 
magnetic  axis  of  the  bar  and  the  line  of  coUimation  of  the  inverted 
telescope  which  it  carries,  wUl  affect  these  two  observations  to  the 
same  extent  in  opposite  directions,  and  wiU  therefore  disappear  from 
their  mean.  The  readings  are  taken  on  a  horizontal  circle  corre- 
sponding to  the  outer  circle  in  Fig.  422,  and  astronomical  observar 
tions  must  be  made  once  for  aU  to  determine  what  reading  corre- 
sponds to  the  geographical  meridian. 

Another  very  accurate  method  consists  in  rigidly  attaching  to  the 
bar,  instead  of  the  lens  and  cross,  a  smaU  vertical  mirror.  This  can 
either  be  viewed  through  a  telescope,  so  as  to  show  the  reflection  of 
a  horizontal  scale  of  equal  parts,  which  wiU  appear  to  travel  across 
the  field  of  view  of  the  telescope  as  the  magnet  turns,  or  it  can  be 
employed  to  throw  the  image  of  a  spot  of  light  either  upon  a  screen 
viewed  by  the  observer,  or  still  better  upon  photographic  paper  drawn 
by  clock-work,  which  leaves  a  permanent  record  of  continuous  changes. 
Both  these  methods  of  employing  mirrors  for  the  observation  of  smaU 
movements  of  rotation  are  now  extensively  employed  in  many  appli- 
cations. They  appear  to  have  been  first  introduced  by  Gauss,  who 
employed  them  for  the  purpose  which  we  are  now  considering. 
500.  Measurement  of  Dip. — The  dip-circle  or  inclination  compass  is 
L^  represented  in  Fig.  423.  It  consists  essentiaUy  of  a  magnetized 
L^  needle,  very  accurately  and  delicately  mounted  on  a  horizontal  axis 
through  its  centre  of  gravity,  in  the  centre  of  a  vertical  circle  on 
which  the  positions  of  the  two  ends  of  the  needle  can  be  read  ofi*. 
This  circle  can  be  turned  with  the  needle  into  any  azimuth,  the 
amount  of  rotation  being  indicated  by  a  horizontal  circle.  It  is 
obvious  that,  if  the  vertical  circle  is  placed  in  the  plane  of  the  mag- 
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netie  meridian,  the  needle,  being  free  to  move  in  this  plane,  will 
directly  indicate  the  dip.     On  the  other  hand,  if  the  vertical  circle 
is  placed  in  a  plane  perpendicular  to  the  magnetic  meridian,  the 
horizontal  component  of  terrestrial  magnetism  is  prevented  from 
moving  the  needle,  which,  accordingly,  obeys  the  vertical  component 
only,  and  takes  a  vertical  position.     In  intermediate  positions  of  the 
vertical  circle,  the  needle  will  assume  positions  intermediate  between 
the  vertical  and  the  true  angle  of 
dip.      In   fact,  if  9  be  the  angle 
which  the   plane   of  the   vertical 
circle   makes   with   the    magnetic 
meridian,  the  component  H  sin  0 
of  terrestrial  magnetism,  being  per- 
pendicular to  this   plane,    merely 
tends  to  produce  pressure  against 
the    supp6rts,  and   the   horizontal 
component  influencing  the  position 
of  the  needle  is  only  H  cos  0,  which 
lies  in  the  plane  of  the  circla    As 
i_i  none  of  the  vertical   force  is  de- 

stroyed, the  tangent  of  the  api^ar- 

=■    .«    n.  J  ",  ent  dip  will  be  ^--ra^z^^n-    T*"^ 

most  accurate  method  of  setting 
the  vertical  circle  in  the  magnetic  meridian  consists  in  first  adjust- 
ing it  ao  that  the  needle  takes  a  vertical  position,  and  then  turning 
it  through  90°. 

The  instrument  having  thus  been  set,  and  a  reading  taken  at  each 
end  of  the  needle,  it  should  be  turned  in  azimuth  through  180°,  and 
another  pair  of  readings  taken.  By  employing  the  mean  of  these 
two  pairs  of  readings,  several  sources  of  error  are  eliminated,  includ- 
ing non- coincidence  of  the  axis  of  magnetization  with  the  line  joining 
the  ends  of  the  needle.  One  important  source  of  error — deviation  of 
the  centre  of  gravity  from  the  axis  of  suspension  in  a  direction 
parallel  to  the  length  of  the  needle,  is,  however,  not  thus  corrected. 
It  can  only  be  eliminated  by  remagnettzing  the  needle  in  the  reverse 
direction  so  as  to  interchange  its  poles.  The  mean  of  the  results 
obtained  before  and  after  the  reversal  of  its  magnetization  will  be 
the  true  dip. 

A  better  form  of  inati'ument,  known  as  the  Kew  dip-circle,  b  now 
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employed.     Its  essential  parts  are  represented  in  Fig.  423  a.     There 
\b  no  metal  near  the  needle,  and  the  readings  are  taken  on  a  circle 
ronnd  which  two  telescopes 
travel     In  each  observation 
the  telescopes  are  directed  to 
the  two  ends  of  the  needle. 

500a.  Heasurement  of  In-  ' 
tensity  of  Terrestrial  Hag^ 
netie  Force. — The  complete 
specification  of  the  earth's 
magnetic  force  at  any  place 
involves  three  independent 
elements.  For  example,  if 
declination,  dip,  and  hori- 
zontal force  are  determined 
by  observation,  vertical  force 
and  total  force  can  be  cak' 
culated  by  the  formulse  of 
§496. 

Observations    of   magne- 
tic force  are  made  either  by 
counting  the  number  of  vi- 
brations executed  in  a  given  n,.  *Mi._K«wDi[Min!i«. 
time,    or   by    statical    mea- 
surements.    If  a  magnet  executes  small  horizontal  vibrations  under 
the  influence  of  the  earth's  magnetism,  the  square  of  the  number  of 
vibraUons  in  a  given  time  is  proportional  to  -— ,  H  denoting  the 
horizontal  intensity,  M  the  moment  of  the  magnet,  and  ft  its  moment 
of  inertia  about  the  centre  of  suspension.    Hence  it  is  easy  to  observe 
the  variatiotis  of  horizontal  intensity  which  occur  from  time  to  time, 
if  we  can  insure  that  our  magnet  itself  shall  undergo  no  cliange,  or 
if  we  have  the  means  of  correcting  for  such  changes  as  it  undergoes. 
To  obtain  absolute  determinations  of  horizontal  intensity,  the  fol- 
lowing method  is  employed. 

First,  observe  tiie  time  of  vibration  of  a  freely-suspended  horizon- 
tal magnet  under  the  influence  of  the  earth  alone, — this  will  give  the 
product  of  the  earth's  horizontal  intensity  and  the  moment  of  the 
magnet 

Secondly,  employ  this  same  magnet  to  act  upon  another  also  freely 


63U 


EXPERIMENTAL   DETAILS. 


ir 


^ 


1=3 


suspended,  and  thus  compare  its  influence  ¥dth  that  of  the  earth, — 
this  will  give  the  ratio  of  the  same  two  quantities  whose  product 

was  found  before.    Hence  the  two  quantities 
themselves  can  easily  be  computed. 

500  b.  Bifllar  and  Balance  Magnetometers. 
— The  changes  of  horizontal  intensity  are 
measured  statically  by  means  of  the  bifUar 
mcignetoineter.  This  consists  of  a  bar-magnet 
(Fig.  423  b)  suspended  by  two  threads,  which 
would  be  parallel  if  the  bar  were  unmagne- 
tized,  but  matters  are  so  arranged  that,  un- 
der the  combined  action  of  the  pull  of  the 
threads,  the  weight  of  the  bar,  and  the 
earth's  magnetism,  the  bar  is  kept  in  a  posi- 
tion nearly  perpendicular  to  the  magnetic 
meridian.  The  only  changes  which  occur  in 
its  position  from  time  to  time  are  those  due 
EH    to  changes   in  the  intensity  of  the  earth's 


ja" 


1^ 

Fig.423B.— Bifllar  Magnetometer,  horizontal  foTCC,  chauges  iu  the  direction  of 

this  force,  to  the  extent  of  a  few  minutes  of 
angle,  having  no  sensible  effect,  on  account  of  the  near  approach  to 
perpendicularity. 

The  changes  of  vertical  intensity  are  measured  by  the  halanoe- 
mdgnetoTneter,  which  consists  of  a  bar-magnet  placed  in  the  magnetic 
meridian  and  suspended  on  knife-edges  like  the  beam  of  an  ordinary 
balance.  Its  deviations  from  horizontality  are  measures  of  the 
changes  of  vertical  intensity. 

Both  these  instruments  have  mirrors  attached  to  the  magnet,  which 
produce  a  photographic  record  of  the  movements  of  the  magnet,  on 
principles  above  explained. 

The  moment  of  a  magnet  varies  with  temperature,  being  dimin> 
ished  by  something  like  one  ten-thousandth  part  of  itself  for  each 
degree  Fahr.  of  increase,  and  increasing  again  at  the  same  rate  when 
the  temperature  falls.  Hence  magnetic  observatories  must  be  kept 
at  a  nearly  uniform  temperature.  They  must  also  be  completely  free 
from  iron.  No  iron  nails  are  allowed  to  be  used  in  their  construc- 
tion, copper  being  employed  instead. 

500c.  BeBults  of  ObBervation. — The  annexed  figures^  contain  an 

^  For  Figs.  422  a,  423  a,  b,  o,  d,  we  are  indebted  to  the  publiaheis  of  Aiiy's  Treastm 
on  MagrieHtm. 


FIE-  413  c— Northarn  Hemliiilisn, 
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approximate  representation  of  the  magnetic  meridians  and  lines  of 
equal  dip  over  both  hemispheres  of  the  earth.  Theste  two  systems  of 
lines  combined,  furnish  a  complete  specification  of  the  direction  of 
magnetic  force  at  all  parts  of  the  earth's  surface;  but  they  indicate 
nothing  as  to  intensity.  The  curves  of  equal  total  intensity  have  a 
general  resemblance  to  the  lines  of  equal  dip,  the  intensity  being 
greatest  near  the  poles,  and  least  near  the  equator;  but  their  arrange- 
ment is  somewhat  more  complicated,  there  being  two  north  poles  of 
greatest  intensity,  one  in  Canada,  and  the  oUier  in  the  northern  part 
of  Siberia^  Speaking  roughly,  the  intensity  near  the  poles  is  about 
double  of  the  intensity  near  the  equator.  Curves  of  equal  total 
intensity  are  often  called  isodynamic  lines;  curves  of  equal  dip  are 
often  called  isoclinic  lines ;  curves  of  equal  declination  are  often  called 
isogonic  lines;  curves  cutting  the  magnetic  meridians  at  right  angles 
are  often  called  TnagnetiQ  parallels.  They  are  the  lines  which  would 
be  ti-aced  by  continually  travelling  in  the  direction  of  magnetic  east 

or  west. 

500  D.  The  Earth  as  a  Magnet.^ — 
The  intensity  and  direction  of  terres- 
trial magnetic  force  at  different  places 
may  be  roughly  represented  by  sup- 
posing that  there  is  a  magnet  w  r  (Fig. 
421)  at  the  earth's  centre,  having  a 
length  very  small  in  comparison  with 
the  earth's  radius,  and  making  an  angle 
of  about  20"*  with  the  earth's  axis  of 
rotation.  The  points  A  and  B  obtained 
by  producing  this  magnet  longitudin> 
ally  to  meet  the  surface,  would  be  the 
magnetic  poles,  and  at  any  other  place 
the  magnetic  meridian  would  be  the 
vertical  plane  containing  the  magnetic  axis  A  6.  At  places  situated 
on  the  great  circle  whose  plane  contains  both  the  axis  of  rotation  and 
the  magnetic  axis,  the  magnetic  meridian  would  coincide  with  the 
geographical  meridian,  and  the  declination  would  be  zero.  At  any 
other  place  M,  the  two  meridians  would  cut  each  other  at  an  ang^e 
which  would  be  the  angle  of  declination.  At  all  places  on  the  great 
circle  c  t  whose  plane  is  perpendicular  to  the  magnetic  axis,  a  needle 


Fig.  421.— Biot*i  Hypothesis. 


*  This  section  corresponds  to  §  498  in  the  original.    The  hypotheiaB  which  it  describes 
is  known  as  Biofi  hypotkesit. 
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suspended  at  its  centre  of  gravity  would  place  itself  parallel  to  this 
axis,  and  consequently  the  dip  would  be  zero.  This  circle  would 
be  the  magnetic  equator.^  It  would  cut  the  geographical  equator  at 
an  angle  of  20^  Proceeding  from  the  magnetic  equator  towards  the 
north  magnetic  pole  B,  the  needle  would  dip  more  and  more,  until 
at  B  it  became  vertical  A  declination  needle  at  B  would  remain 
indifferently  in  all  positions  Similar  phenomena  would  be  observed 
at  the  other  magnetic  pole  A.  The  end  of  the  needle  which  would 
dip  at  B,  and  which  at  other  parts  of  the  earth  would  point  to 
magnetic  north,  is  that  which  is  similar  to  the  southern  pole  t'  of  the 
terrestrial  magnet  vt',  and  the  pole  which  is  similar  to  w  would  dip 
at  A 

The  actual  phenomena  of  terrestrial  magnetism  are  not  in  very 
close  agreement  with  the  results  which  would  follow  from  the  pre- 
sence of  such  a  magnet  as  we  have  described  in  the  earth*s  interior, 
nor  do  they  agree  well  with  the  hypothesis  of  two  interior  magnets 
inclined  at  an  angle  to  each  other,  which  has  also  been  proposed. 
It  would  rather  appear  that  the  earth's  magnetism  is  distributed  in 
a  manner  not  reducible  to  any  simple  expression. 

501.  Changes  of  Declination  and  Dip. — Declination  and  dip  vary 
greatly  not  only  irom  place  to  place,  but  also  from  time  to  time. 
Thus  at  the  date  of  the  earliest  recorded  observations  at  Paris,  1580, 
the  dedination  was  about  ll""  30'  E.  In  1663  the  needle  pointed 
due  north  and  south,  so  that  Paris  was  on  the  line  of  no  declination. 
Since  that  time  the  declination  has  been  west,  increasing  to  a 
maximum  of  22""  34',  which  it  attained  in  1814.  Since  then  it  has 
gone  on  diminishing  to  the  present  time,  its  present  value  being 
about  19^  W. 

As  to  dip,  its  amount  at  Paris  has  continued  to  diminish  ever  since 
it  was  first  observed  in  1671.  From  75°  it  has  fallen  to  66*",  its  pre- 
sent value.  As  its  variations  since  1863  have  been  scarcely  sensible, 
it  wQuld  seem  to  have  now  attained  a  minimum,  to  be  followed  by 
a  gradual  increase. 

601  A.  Magnetic  Storms. — Besides  the  gradual  changes  which  occur 
in  terrestrial  magnetism,  both  as  regards  direction  and  intensity  of 
force,  in  the  coinrse  of  long  periods  of  time,  there  are  minute  fluctua- 

^  If  latitude  reckoned  from  the  magnetic  equator  be  caUed  magnetic  latitude,  and  de- 
noted by  X,  it  can  be  shown  that  we  should  have,  on  this  theoiy, 

tan3  =  2tan\  ;  I  =  E  ^    oos«  X  +  4Bin«^, 

£  denoting  the  intensity  at  the  mimetic  equator. 
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tions  continually  traxjeable.     To  a  certain  extent  these  are  dependent 
on  the  varying  position  of  the  sun,  and,  to  a  much  smaller  extent,  of 
the  moon  with  respect  to  the  place  of  observation ;  but  over  and 
above  all' regular  and  periodic  changes,  there  is  a  large  amount  of 
irregular  fluctuation,  which  occasionaUy  becomes  so  great  as  to  con- 
stitute what  is  called  a  magnetic  storm.     Magnetic  storms  "  are  not 
connected  with  thunder-storms,  or  any  other  known  disturbance  of 
the  atmosphere ;  but  they  are  invariably  connected  with  exhibitions 
of  aurora  borealis,  and  with  spontaneous  galvanic  currente  in  the 
ondjnary  telegraph  wires ;  and  this  connection  is  found  to  be  so  cer- 
tain  "^«4tJlE?°  remarking  the  display  of  one  of  the  three  classes  of 
phenomena  vf^Nat  o^^^e  assert  that  the  other  two  are  observable 

/.I.  'i        1-  ^JWnetimes  not  visible  here,  but  certainly  visible 

(the  aurora  borealis  soSP®"'"" "      _  ...     ,,     •'  ^ 

;  .,         1  »:tndeV^     They  are  sensibly  the  same  at 

m  a  more  northern  lafRj^'*''''-  ,     .  r,  •  l      j  »r  j 

...  .,  J.  «^r  examnle  at  Oreenwicn  ana  Ji.ew,  and 

stations  many  miles  apart,  lOv  ''■^"'   *^    „.,,,.      ..  , 

'^    they  affect  the  direction  and  amount 

^'  horizontal  much  more  than  of 

502  S^^P'^  Compass. --In  a  ships 
««l^the  box  cc  which  contains 

7r^  -^  weighted  below,  and 
the  needl^  t,  i       i.-  u  -^    t 

1 „„  jknbals,  which  consist  of 

hung  on  gi\        ' 

two  rings  sV'^^g^  as  to  admit 
of  motion  abV'  *w*>  independent 
horizontal  axeV''  ««  **  ^^ 
angles  to  each  otl>-  This  arrange- 
ment prevents  it  \"^  *^^S  ^^ 

u„  ik..  ^;*«u;^.,  „«ji  rolling  of  the 
by  the  pitchmg  ant    .      ^  .      , 

ship.     The  needle  a\^™y*^ 

tached  to  the  «o°»P««»-^;^  the   's 

a  circular  card  marked"       .      _," 

'  L      t  v\.  as  m   Ficr 

points  of  the  compass,,  .^ 

425,  and  also  usually  di^*^^  ***  ^^ 

circumference    into    36V     ^^^^ 

The  card  with  its  attach?  ^^^ 

is  accurately  balanced  on^l  ^?^ 

at  its  centre.     The  needle,  which,  in  actual  use,  is  conceal    ^j, 

view,  lies  along  the  line  N  S.     The  box  contains  a  vertical  S: 

its  interior  on  the  side  next  the  ship's  bow ;  and  this  mark  ser 

*  Airy  on  Magnetitm^  p.  204.. 


Fig.  424.— Ship's  CompaBs. 
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an  index  for  reading  off  on  the  card  the  direction  to  which  the  ship's 
liead  is  turned  Sometimes  a  reflector  is  employed,  as  m  in  the  first 
figure,  in  such  a  position  that 

an  observer  looking   in  from  ■*        J^        ^ 

behind  can  read  off  the  indi- 
cated direction  by  reflection, 
and  can  at  the  same  time  sight  ff. 

a  distant  object  whose  mag-  #■  ' 

netio  bearing  is  required.    The 

ongin  of  the  compass  ia  very     W.  E. 

obscure.     The  ancients  were 

aware  that  the  loadstone  at-      ,;(  _  , 

tracted  iron,  but  were  ignor-  "*"  ** 

ant  of  its  directing  property. 
The  instrument  came  into  use 
in  Europe  some  time  in  the 
course  of  the  thirteenth  cen- 

tit-  4U--  Campiw  aid. 

tury. 

503.  Uethods  of  Ha^etisatioD. — The  usual  process  of  magnetizing 
a  bar  consists  in  rubbing  it  with  or  against  a  bar  already  magnetized. 
Different  methods  of  doing  this,  called  single  touch,  double  touch.  &c., 
have  been  devised,  in  which  magnetized  bars  of  steel  were  the  mag- 
netizing agents.  Much  greater  power  can,  however,  be  obtained  by 
means  of  electro-magnetism ;  and  the  two  following  methods  are  now 
almost  eifclusively  employed  by  the  makers  of  magnets. 

1.  A  fixed  electro-magnet  {Fig.  427)  is  employed,  and  the  bar  to 


Usthodi  of  UAgtietidtJon. 


be  magnetized  is  drawn  in  opposite  directions  over  its  two  poles. 
Each  stroke  tends  to  develop  at  the  end  of  the  bar  at  which  the 
motion  ceases,  the  opposite  magnetism  to  that  of  the  pole  which  is 
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iu  contact  with  it  Hence  strokes'  in  opposite  directions  over  the 
two  contrary  poles  tend  to  mi^etize  the  bar  the  same  way. 

2.  When  very  intense  magnetization  is  to  be  produced,  the  electro- 
magnet must  be  very  powerful,  and  the  bar  then  adheres  to  it  so 
strongly  that  the  operation  above  descritted  becomes  difficult  of  exe- 
cution, besides  scratching  the  bar.  Hence  it  is  more  convenient  to 
move  along  the  bar,  as  in  Fig.  4<28,  a  coil  of  wire  through  which  a 
current  is  passing.  This  was  the  method  employed  by  Arago  and 
Ampfere. 

A  bar  of  steel  is  said  to  lie  magnetized  to  saturation,  when  its 
magnetization  is  as  intenae  as  it  is  able  to  retain  without  sensible 
loss.  It  is  possible,  by  means  of  a  powerful  magnet,  to  ma^etize  a 
bar  considerably  above  saturation;  but  in  this  case  it  rapidly  loses 
intensity. 

Pieces  of  iron  and  steel  frequently  become  magnetized  tempoiarily 
or  permanently  by  the  influence  of  the  earth's  magnetism,  and  this 
action  is  the  more  'powerful  as  the  direction  of  their  length  more 
nearly  coincides  with  that  of  the  dipping-needle.  If  flre-irons  wbicb 
have  usually  stood  in  a  nearly  vertical  position  he  examined  by  their 
influence  on  a  needle,  they  will  generally  be  found  to  have  acqaire-1 
some  permanent  magnetism,  the  lower  end  being  that  which  seeka 
the  north. 

It  sometimes  happens  that,  either  from  some  peculiarity  in  the 
structure  of  a  bar,  or  from  some  irregularity  in  the  m^iietizing  im>- 


Pig.  139.— ConieiBmt  PolnU. 

cess,  a  reversal  of  the  direction  of  magnetization  occurs  in  some  part 
or  parts  of  the  length  as  compared  with  the  rest  In  this  case  the 
magnet  will  have  not  only  a  pole  at  each  end,  hut  also  a  pole  at  each 
pgint  where  the  reversal  occurs.  These  intermediate  poles  are  called 
consequent  points.  Fig.  i29  represents  the  arrangement  of  iron- 
iilings  about  a  biir-magnet  which  has  two  consequent  points  a,  it. 
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The  whole  bar  may  be  regarded  as  consisting  of  three  magnets  laid 
end  to  end,  the  ends  which  are  in  contact  being  similar  polea  Thus 
the  two  poles  at  a'  and  the  one  pole  at  a  are  of  one  kind,  while  the 
two  poles  at  6'  and  the  one' pole  at  h  are  of  the  opposite  kind. 

The  lifting  power  (or  portative  force)  of  a  magnet  generally 
increases  with  its  size,  but  not  in  simple  proportion,  small  magnets 
being  usually  able  to  sustain  a  greater  mul- 
tiple of  their  own  weight  than  large  ones. 
Hence  it  has  been  found  advantageous  to 
construct  compound  magnets,  consisting  of  a 
number  af  thin  bars  laid  side  by  side,  with 
their  similar  poles  all   pointing  the  same 

way.  Fig.  430  represents 
such  a  compound  magnet 
composed  of  twelve  ele- 
mentary bars,  arranged 
4x3.  Their  ends  are  in- 
serted in  masses  of  soft 
iron,  the  exti'emities  of 
which  constitute  the  poles 
of  the  system. 

Fig.    431    represents    a 
compound  horse-shoe  mag- 
net, whose  poles  N  and  S 
support  a  keeper  of  soft 
iron,  from  which  is  hung 
a    bucket     for     holding 
weights.     By   continually 
addiiig  fresh  weights  day 
after  day,  the  magnet  may 
be  made  to  carry  a  much  greater  load  than  it  could  have  supported 
originally;  but  if  the  keeper  is  torn  away  from  the  magnet,  the  addi- 
tional power  is  instantly  lost,  and  the  magnet  is  only  able  to  sustain 
its  original  load.  > 

Much  attention  was  at  one  time  given  to  methods  of  obtaining 
steel  magnets  of  great  power.  These  researches  have  now  been 
superseded  by  electro-magnetism,  which  affords  the  means  of  obtain- 
ing temporary  magnets  of  almost  any  power  we  please. 

503a.  Molecular  Changes  accompanying  Magnetization. — Joule  has 
shown  that,  when  a  bar  of  iron  is  magnetized  longitudinally,  it 


Fig  430. — Compoond 
Magnet 


Fig.  iSl. — Compound  Hone-«l)oe 
Magnet. 
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acquires  a  slight  increase  of  length,  compensated,  however,  by  trans- 
verse contraction,  so  that  its  volume  undergoes  no  change. 

If  the  magnetization  is  effected  suddenly,  by  completing  an  electric 
circuit,  an  ear  close  to  the  bar  hears  a  dlink,  and  another  clink  is 
heard  when  the  current  is  stopped. 

These  phenomena  have  been  accounted  for  by  the  hypothesis  that, 
when  iron  is  magnetized,  its  molecules  place  their  longest  dimensions 
in  the  direction  of  magnetization. 

The  effect  of  heat  in  diminishing  the  strength  of  a  magnet  is 
another  instance  of  the  connection  between  magnetism  and  other 
molecular  conditions.  In  ordinary  cases,  this  diminution  is  merely 
transient ;  but  if  a  steel  magnet  is  raised  to  a  white-heat,  it  is  per- 
manently demagnetized. 

504.  Action  of  Magnetism  on  all  Bodies. — It  has  long  been  known 
that  iron  and  steel  were  not  the  only  substances  which  could  be 
acted  on  by  magnetism.  Nickel  and  cobalt  especially  were  known 
to  be  attracted  by  a  magnet,  though  very  much  more  feebly  than 
iron,  while  bismuth  and  antimony  were  repelled.  Faraday,  by  means 
of  a  powerful  electro-magnet,  showed  that  all  or  nearly  all  substances 
in  nature,  whether  solid,  liquid,  or  gaseous,  were  susceptible  of  mag- 
netic influence,  and  that  they  could  all  be  arranged  in  one  or  the 
other  of  two  classes,  characterized  by  opposite  qualities.  This  opposi- 
tion of  quality  is  manifested  in  two  ways. 

1.  As  regards  attraction  and  repulsion,  iron  and  other  paramag- 
iietic  bodies  are  attracted  by  either  pole  of  a  magnet,  or  more  gene- 
rally, they  tend  to  move  from  places  of  weaker  to  places  of  stronger 
force.  On  the  other  hand,  bismuth  and  other  diamagnetic  bodies 
are  repelled  by  either  pole  of  a  magnet,  and  in  general  tend  to  move 
from  places  of  stronger  to  places  of  weaker  force. 

2.  As  regards  orientation,  a  paramagnetic  body  when  suspended 
between  the  poles  of  a  magnet  tends  to  set  axially;  that  is  to  say, 
tends  to  place  its  length  along  the  line  joining  the  poles,  or  more 
generally,  when  placed  in  any  magnetic  field,  tends  to  place  its  lengti 
along  the  lines  of  force.  Hence  the  name  |9aramagnetic.^  A  dia- 
magnetic body,  on  the  other  hand,  when  suspended  between  the  poles, 
sets  equataHally;  that  is  to  say,  places  its  length  at  right  angles  to 

^  The  nomenclature  here  adopted  was  proposed  by  Faraday  in  1850  {ReMarchet,%279Qs, 
and  is  eminently  worthy  of  acceptance.  Many  writers,  however,  continae  to  employ 
moffTietic  in  the  exclusive  sense  of  j!)aramagnetic.  To  be  consistent,  they  should  caU  tbe 
other  class  antimagnetic,  not  (2iamagnetic.  "The  word  magnetic  ought  to  be  general,  u<l 
include  all  the  phenomena  and  effects  produced  by  the  power." 
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the  line  joining  the  poles,  or,  more  generally,  tends  to  place  its  length 
at  right  angles  to  magnetic  liaes  of  force. 

Fig.  432  represents  the  apparatus  commonly  employed  for  experi- 
ments on  this  subject  B,  B  are  two  large  coils  of  stout  copper  wire, 
wound  on  massive  hollow  cylinders  of  soft  iron.  These  latter  form 
portions  of  the  heavy  frames  F,  F,  which  can  be  slid  to  or  from  each 
other,  and  fixed  firmly  at  any  distance  by  means  of  the  screws  E,  E. 


Fif.  439.— Appmtni  for 

The  armatures  P,  which  can  be  screwed  on  or  off,  have  the  form  of 
rounded  cones,  and  produce  a  great  concentration  of  force  at  their 
extremities. 

The  action  of  magnetism  upon  a  solid  can  be  examined  by  suspend- 
ing a  small  bar  of  it  a  b,  by  means  of  a  special  support  BS,  between 
the  poles  P.  When  a  current  is  passed  through  the  coils,  the  bar 
immediately  exhibits  a  preference  either  for  the  axial  or  the  equa- 
torial position.  Attraction  and  repulsion  are  most  easily  tested  by 
suspending  a  small  ball  of  the  substance  at  the  level  of  the  central 
line  of  poles,  but  a  little  beside  it,  the  poles  liaving  first  been  brought 
very  near  together.  On  passing  the  current  through  the  coil,  the 
ball  will, move  inwards  towards  the  line  of  poles  if  paramagnetic 
and  outwards  if  diamagnetic. 

It  is  important,  however,  to  remark,  that  experiments  of  this  kind, 
unless  -performed  in  vacuo,  are  merely  differential — they  merely 
indicate  that  the  suspended  body  is,  in  the  one  case,  more  para- 
magnetic or  less  diamagnetic  ;  in  the  other  case  more  diamagnetic 
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or  less  paramagnetic,  than  the  medium  in  which  it  moves,  the  com- 
parison being  made  between  equal  volumes.  Oxygen  is  paramag- 
netic, and  nitrogen  is  nearly  or  quite  indifferent.  Air  is  accordingly 
paramagnetic,  and  a  body  suspended  in  air  appears  less  paramagnetic 
or  more  diamagnetic  than  it  really  is.  If  more  feebly  paramagnetic 
than  air,  it  will  appear  to  be  diamagnetic  Thus  heated  air,  in 
consequence  probably  of  its  rarefaction,  appears  diamagnetic  when 
surrounded  by  cold  air,  and  the  flame  of  a  taper  is  repelled  down- 
wards and  outwards  from  the  axial  line. 

If,  on  the  other  hand,  the  body  under  examination  is  suspended 
in  water,  it  will  appear  more  paramagnetic  than  it  really  is,  by 
reason  of  the  diamagnetism  of  water. 

The  following  metals  are  paramagnetic:  iron,  nickel,  cobalt,  man- 
ganese, chromium,  titanium,  cerium,  palladium,  platinum,  osmium. 

The  following  are  diamagnetic:  bismuth,  antimony,  lead,  tin, 
mercury,  gold,  silver,  zinc,  copper. 

The  following  substances  are  also  diamagnetic :  water,  alcohol,  flint 
glass,  phosphorus,  sulphur,  resin,  wax,  sugar,  starch,  wood,  ivorj^ 
beef  (whether  fresh  or  dried),  blood  (whether  fresh  or  dried),  leather, 
apple,  bread. 

504a.  Magneto-crystallic  Action. — The  orientation  of  crystals  in 
a  magnetic  field  presents  some  remarkable  peculiarities,  which  were 
extremely  perplexing  to  investigators  until  Tyndall  and  Knoblauch 
discovered  the  principle  on  which  they  depend.  This  principle  is, 
that  crystals  are  susceptible  of  magnetic  induction  to  different  degrees 
in  different  directions.  Every  crystal  (except  those  belonging  to  the 
cubic  system)  has  either  one  line  or  one  plane  along  which  induction 
takes  place  more  powerfully  than  in  any  other  direction ;  and  it  is 
this  line  or  plane  which  tends  to  place  itself  axially  or  equatorially 
according  as  the  crystal  is  paramagnetic  or  diamagnetic.  The  direc- 
tions of  most  powerful  and  least  powerful  induction  are  found  to  be 
closely  related  to  the  optic  axes  of  crystals,  and  also  to  their  planes 
of  cleavage.  When  a  sphere  cut  from  a  crystal  is  brought  near  to 
one  pole  of  a  magnet,  it  is  attracted  or  repelled  (according  as  it  is 
para-  or  dia-magnetic)  with  the  greatest  force  when  the  direction  of 
most  powerful  induction  coincides  with  the  direction  of  the  force. 

Directions  of  unequal  induction  can  be  produced  artificially  in 
non-crystalline  substances  by  applying  pressure.  "Bismuth  is  a 
brittle  metal,  and  can  readily  be  reduced  to  a  fine  powder  in  a 
inortar.     Let  a  tea-spoonful  of  the  powdered  metal  be  wetted  witli 
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gam-water,  kneaded  into  a  paste,  and  made  into  a  little  roll,  say  an 
inch  long  and  a  quarter  of  an  inch  across.  Hung  between  the 
excited  poles,  it  will  set  itself  like  a  little  bar  of  bismuth — equatorial 
Place  the  roll,  protected  by  bits  of  pasteboard,  within  the  jaws  of  a 
vice,  squeeze  it  flat,  and  suspend  the  plate  thus  formed  between  the 
polea  On  exciting  the  magnet,  the  plate  will  turn,  with  the  energy 
of  a  magnetic  substance,  into  the  axial  position,  though  its  length 
may  be  ten  times  its  breadth. 

**  Pound  a  piece  of  carbonate  of  iron  into  fine  powder,  and  form  it 
into  a  roll  in  the  manner  described.  Hung  between  the  excited 
poles,  it  will  stand  as  an  ordinary  [para]magnetic  substance — ^axial. 
Squeeze  it  in  the  vice,  and  suspend  it  edgeways,  its  position  will  be 
immediately  reversed.  On  the  development  of  the  magnetic  force, 
the  plate  thus  formed  will  recoil  from  the  polies,  as  if  violently 
repelled,  and  take  up  the  equatorial  position."  ^ 

In  these  experiments  the  direction  of  most  powerful  induction  is 
a  line  transverse  to  the  thickness,  and  this  is  also  the  direction  in 
which  pressure  has  been  applied.  Tyndall  accordingly  concludes 
that  **  if  the  arrangement  of  the  component  particles  of  any  body  be 
such  as  to  present  difierent  degrees  of  proximity  in  different  direc- 
tions, then  the  line  of  closest  proximity,  other  circumstances  being 
equal,  will  be  that  chosen  by  the  respective  forces  for  the  exhibition 
of  their  greatest  energy.  If  the  mass  be  [para]magnetic,  this  line 
will  stand  axial;  if  diamagnetic,  equatorial."^ 

^  TyndaU  on  Dianuignetismy  p.  18.  '  Ibid.  p.  28. 
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GALVANIC  BATTERY. 


505.  Voltaic  Electricity. — ^Towards  the  close  of  last  century,  wben 
the  discovery  of  the  various  phenomena  of  irictional  electricity  bad 
been  followed  by  Coulomb's  investigations,  which  first  reduced  them 
to  an  accurate  theory,  a  new  instrument  was  brought  to  light 
destined  to  efiect  a  complete  revolution  in  electrical  scienca  In 
place  of  an  element  difficult  to  manage,  capricious  and  uncertain  in 
its  behaviour,  and  constantly  baffling  investigation  by  the  rapidity 
of  its  dissipation,  the  galvanic  battery  furnished  a  steady  source  of 
electricity,  constantly  available  in  all  weathers,  and  requiring  no 
special  precautions  to  prevent  its  escape.  Moreover,  the  electricity 
thus  developed  exhibited  an  entirely  new  set  of  phenomena,  and 
opened  up  the  way  to  such  various  and  important  applications,  that 
frictional  electricity  at  once  fell  into  the  second  place,  and  the  new 
agent  became  the  main  object  of  interest  with  all  electrical  inves- 
tigators. 

506.  Galvanic  Element. — The  source  of  this  new  form  of  electricity 
is  chemical  action. 

When  a  metal  which  is  easily  attacked  by  an  acid  is  immersed  in 
the  acid,  (for  example,  zinc  in  dilute  sulphuric  acid,)  difference  of 
potential  is  immediately  established  between  them  at  the  surface  of 
contact,  the  acid  becoming  positive  with  respect  to  the  metal  If 
either  the  acid  or  the  metal  is  insulated  (except  where  they  touch 
each  other)  this  difference  of  potential  prevents  chemical  action  from 
taking  place,  at  least  when  the  metal  is  quite  pure  and  homogeneous 
If,  however,  connection  be  established  between  the  zinc  and  the  acid 
by  means  of  a  conductor  (such  as  platinum)  which  is  not  liable  U) 
be  attacked  by  the  acid,  a  continual  current  will  flow  through  thi» 
conductor  in  a  direction  tending  to  diminish  the  difference  of  poteu- 
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tial,  and  cootioaal  chemical  acbioD  will  take  place  between  the  acid 
and  the  zinc. 

Such  an  airangement  constitutes  a  galvanic  or  voltaic  element  or 
cell,  and  the  difference  of  potential  which  exiata  between  the  acid 
and  the  zinc  at  the  surface  of  contact  is  called  the  electro-vwHve 
force  of  the  element.  This  difference  appears  to  be  the  same  when 
the  current  is  flowing  as  when  it  is  prevented  from  flowing  by 
inaulatioiL 

If.  instead  of  platinum,  we  establish  the  connection  by  means  of 
a  metal  such  as  copper,  which  is  liable  to  be  acted  on  by  the  acid, 
but  in  a  much  lower  degree  than  zinc,  there  is  probably  a  slight 
excess  of  potential  in  the  acid  above  the  copper,  and  the  electro- 
motive force  of  the  element  is  diminished  by  this  difference  of  poten- 
tial. In  every  case,  the  electro-motive  force  is  the  difference  between 
the  potentials  of  the  two  metals  when  both  are  immersed  wholly  or 
partially  in  the  acid,  and  are  otherwise  insulated. 

Fig.  433  represents  one  of  the  simplest  forms  of  such  an  arrange- 
ment,—a  zinc  and  copper  cell.     Two  plates  Z,  C,  one  of  zinc,  and  the 
other  of  copper,  are  partially  immersed  in  water  acidulated  by  the 
addition  of  sulphuric  acid,  and  are 
connected  by  means  of  a  wire  M, 
and  binding-screws.     The  direction 
of  the  current  through  this  wire  is 
from  higher  to  lower  potential,  and 
therefore   from   the   copper  to  the 
zinc  plate.     An  equal  current  flows 
through  the  acidulated  water  from 
the  surface  of  contact  with  the  zinc 
to  the  plate  of  copper.    The  chemical 
action  which  takes  place  at  the  sur- 
face of  the  zinc  plate,  furnishes,  as 

long  as  it  lasts,  a  continual  supply  Fig.  iw.— virftaio  Eimmt. 

of  positive  electricity  to  the  acid 

and  of  negative  electricity  to  the  zinc.  These  opposite  electricities 
cannot  unite  at  the  surface  where  they  are  produced,  such  union 
being  prevented  by  the  chemical  relations  which  produced  them,  and 
therefore  flow  round  to  meet  each  other  through  the  circuit  composed 
of  acid,  copper  plate,  wire,  and  zinc  plate.  For  the  sake  of  brevity, 
the  direction  in  which -the  positive  electricity  flows  is  always  spoken 
of  as  the  direction  of  the  current. 
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508.  Qalvauic  Batteiy. — By  connecting  the  plates  of  suaessive 
elements  in  the  manner  represented  in  Fig.  434,  we  obtain  a  batten*. 
The  coppa:  of  the  first  cell  on  the  left  hand  is  connected  with  tbe 


Fig.  at.—BtUarj  at  Todt  Donti. 

zinc  of  the  second,  the  copper  of  the  second  ■with  the  zinc  of  tiie 
third,  and  so  on  to  the  end  of  the  seriea  The  zinc  of  the  first  mi 
the  copper  of  the  last  cell  (or  wires  proceeding  from  tfaeili)  constitute 
the  electrodes  or  poles  of  tbe  battery,  the  zinc  being  the  negative, 
and  the  copper  the  positive  electrode.  When  these  are  insulated 
&om  each  other,  each  copper  is  at  the  same  potential^  as  the  ztoc  of 
the  next  cell  with  which  it  is  connected,  and  there  is  a  sudden  rise 
of  potential  in  passing  from  each  zinc  to  the  liquid  in  contact  with 
it  This  rise  occurs  in  four  places  in  the  arrangement  represented  in 
the  figure,  so  that  there  are  five  distinct  values  of  potential  in  dif- 
ferent parts  of  the  system.  The  highest  value  is  for  tbe  copper  on 
the  extreme  right,  and  the  lowest  is  for  the  zinc  on  the  extreme  left, 
the  difference  between  their  values  being  four  times  as  great  as  s 
single  cell  would  give.  This  fact  is  usually  expressed  by  saying  tiat 
the  electro-motive  force  of  a  battery  of  n  similar  cells  arranged  in 
series  is  n  times  the  electro-nlotive  force  of  a  single  cell.  When  the 
electrodes  are  connected,  the  current  flows  through  the  connecting 
wire  from  the  positive  electrode  (copper)  to  the  negative  electrode 
(zinc). 

V  609.  flalvani'a  Discoveriea. — About  the  year  1780,  Galvani,  professor 
ot.  anatomy  at  Bologna,  had  his  attention  called  to  the  circumstance 
that  some  recently  skinned  frogs,  lying  on  a  table  near  an  electrical 
machine,  moved  as  if  alive,  on  sparks  being  drawn  from  the  machine 

I  We  neglact  hare,  aa  rel&tivelj  imignifimiit,  tlis  iiii&ll  differeoce  of  poteottal  wiidt  I«o- 
babl;  olwa^  exists  between  two  dUgunilAr  metoli  in  contact. 
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Fig.  486. — ^Expezimant  with  Fxx)g. 


Struck  with  the  apparent  connection  thus  manifested  between  elec- 
tricity and  vital  action,  he  commenced  a  series  of  experiments  on  the 
effects  of  electricity  upon  the  animal  system.  In  the  course  of  these 
experiments,  it  so  happened 
that,  on  one  occasion,  several 
dead  frogs  were  hung  on  an 
iron  balcony  by  means  of  cop- 
per hooks  which  were  in  con- 
tact with  the  lumbar  nerves, 
and  the  legs  of  some  of  them 
were  observed  to  move  con- 
vulsively. He  succeeded  in 
obtaining  a  repetition  of  these 
movements  by  placing  one  of 
the  frogs  on  a  plate  of  iron, 
and  touching  the  lumbar 
nerves  with  one  end  of  a  cop- 
per wire,  the  other  end  of 
which  was  in  contact  with  the 
iron  plate.  Another  mode  of 
obtaining  the  result  is  represented  in  Fig.  435,  two  wires  of  diflfer- 
ent  metals  being  employed  which  touch  each  other  at  one  end, 
while  their  other  ends  touch  respectively  the  lumbar  nerves  and  the 
crural  musclea  Every  time  the  contact  is  completed,  the  limb  is 
convulsed 

Galvani's  explanation  was,  that  at  the  junction  of  the  nerves  and 
muscles  there  is  a  separation  of  the  two  electricities,  the  nerve  being 
positively,  and  the  muscle  negatively  electrified,  and  that  the  con- 
vulsive movements  are  due  to  the  establishment  of  communication 
between  these  two  electricities  by  means  of  the  connecting  metals. 

Volta,  professor  of  physics  at  Pavia,  disproved  this  explanation  by 
showing  that  the  movements  could  be  produced  by  merely  connect- 
ing two  parts  of  a  muscle  by  means  of  an  arc  of  two  metals;  and  he 
referred  the  source  of  electricity  not  to  the  junction  of  nerve  and 
muscle,  but  to  the  junction  of  the  two  metals.  Acting  on  this  belief, 
he  constructed  in  the  year  1800  a  voltaic  pile. 

611.  Voltaic  Pile. — This  consisted  of  a  series  of  discs  of  copper,  zinc, 
and  wet  cloth,  c,  z,  d,  Fig.  436,  arranged  in  uniform  order,  thus — 
copper,  zinc,  cloth,  copper,  zinc,  cloth  .  .  .  the  lowest  plate  of  all 
being  copper  and  the  highest  zinc.     The  wet  cloth  was  intended 
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merely  to  serve  ae  a  conductor,  and  prevent  contact  between  each 
zinc  and  the  copper  above  it.  All 
the  contacts  between  zinc  and  copper 
were  between  a  copjier  below  and  a 
zinc  above,  so  that  they  all  tended, 
according  to  Volta's  theory,  to  pro- 
duce a  current  of  electricity  in  the 


same  direction.     The  effects  obtained  from  the  pile  were  so  pover- 
ful  as  to  excite  extraordinary  interest  in  the  scientific  world. 


Fig.  498.— 

618.  Conronne  de  Tasses. — He  shortly  afterwards  invented  &i 
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cour(ynne  de  tassea  {crown  of  cups),  consbting  of  a  aeries  of  cupa 
arranged  in  a  circle,  each  containing  salt  water  with  a  plate  of  silver 
or  copper  and  a  plate  of  zinc  immersed  in  it,  the  silver  or  copper  of 
each  cup  being  connected  with  the  zinc  of  the  next,  with  the  excep- 
tion of  the  extreme  platea  The  last  plate  in  liquid  at  each  end  of 
the  series  was  connected  with  a  plate  of  the  other  metal  in  air. 
These  two  plates  in  air  are  now  known  to  be  useless,  and  are  omitted 
in  the  figure; 
514.  Trough  Batter;.— More  convenient  arrangements,  equivalent 


Fi|,  laft— Cmioluhink'i  Tnra«lu 

to  the  couronne  de  tasses,  were  soon  introduced.      One  of  these, 

devised  by  Cruickshank,  ia  represented  in  Fig.  439,  consisting  of  a 

rectangular  box,  called  a  trough,     » 

of  baked  wood,  which  is  a  non-  i^  ~**^ 

conductor  of  electricity,  divided 

into  compartments  by  partitions 

each  consisting  of  a  plate  of  zinc 

and  a  plate  of  copper  soldered 

together.     Dilute  acid  is  poured 

into  these  compartments. 

616.  Wolla»ton'8  Battery.— In 
Wollaston's  battery,  the  plates 
were  suspended  from  a  single 
horizontal  bar,  by  means  of 
which  they  could  all  be  let  down 
into  the  acid,  or  lifted  out  of  it 
together.  The  liquid  was  con- 
tained either  in  compartments  fi«.  ito.— woUnitDniCniL 
of  a  trough  of  glazed  earthen- 
ware, with  partitions  of  the  same  material,  or  in  separate  vessels  as 
shown  in  Fig.  441.     The  plates  were  double-coppered ;  that  is  to  say, 
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they  conaisted  of  a  Jiinc  plate  with  a  copper  plate  bent  round  it  ob 


Fig.  4(1.— WoUuton'i  Buttnr. 

both  sides  (Fig.  440),  contact  between  them  being  prevented  by 
pieces  of  wood  or  cork. 

617.  Hare's  Deflagrator. — For  some  purposes  it  is  more  importaut 
to  diminish  the  resistance  of  a  cell,  or,  in  other  words,  to  facilitate 
the  conduction  of  electricity  between  the  zinc  and  the  copper  plate, 
than  to  increase  the  elec- 
tro-motive force  by  multi- 
plying cells.  The  helical 
arrangement  devised  by 
Hare  of  Philadelphia  (Fig, 
443)  is  specially  adapted 
to  such  purposea  It  con- 
sists of  two  very  la^ 
plates  of  zinc  and  copper 
rolled  upon  a  central  cyUn- 
der  of  wood,  and  preventr 
ed  from  touching  each 
other  by  pieces  of  cloth  or 
twiue  inserted  between 
Fi<,44S.-H«..D^^.o,.  fie™-     It  is  plunged  in 

a  tub  of  acidulated  water, 
as  represented  in  the  figure.  From  the  remarkably  powerful  beat- 
ing effects  which  can  be  obtained  by  the  use  of  this  cell,  it  is  called 
Hare's  defiagrator. 
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518.  FolaTisation  of  Plates. — All  the  forms  of  battery  which  we 
have  thus  far  described,  are  liable  to  a  rapid  decrease  of  power,  owing 
to  causes  which  are  partly  chemical  and  partly  electrical. 

The  chemical  action  which  takes  place  in  each  cell  consists 
primarily  in  the  formation  of  sulphate  of  zinc,  at  the  expense  of  the 
zinc  plate,  the  sulphuric  acid,  and  the  oxygen  of  the  water  with 
which  the  acid  is  diluted,  the  hydrogen  of  the  water  being  thus 
liberated.  As  this  action  proceeds,  the  liquid  becomes  continually 
less  capable  of  acting  powerfully  on  the  zinc.  Again,  a  portion  of 
the  zinc  which  has  been  dissolved  becomes  deposited  on  the  copper 
plate^  thus  tending  to  make  the  two  plates  alike,  and  so  to  destroy 
the  current,  which  essentially  depends  on  the  difference  between 
them. 

But  the  most  important  cause  of  all  is  to  be  found  in  what  is  called 
the  polarization  of  the  copper  plate ;  that  is  to  say,  in  the  deposition 
of  a  film  of  hydrogen  on  tlie  surface  of  the  plate.  This  film  not  only 
interposes  resistance  by  its  defect  of  conductivity,  but  also  brings  to 
bear  an  electro-motive  force  in  the  direction  opposed  to  that  of  the 
current 

These  obstacles  to 
the  maintenance  of  a 
constant  current  were 
first  overcome  by 
Daniell. 

619.  Daniell's  Bat- 
tery.— In  the  cell  de- 
vised by  Daniell,  there 
is  a  porous  partition  of 
unglazed  earthenware, 
separating  the  two  li- 
quids, which  are  in  con-  j 
tact  one  with  the  zinc, 
and  the  other  with  the 
copper  plate.  These 
two    liquids    are    not 

precisely    alike,    that  Fig.  U4.— DuisUi  c«u. 

which    is    in    contact 

with  the  copper  being  not  simply  dilute  sulphuric  acid  like  the 
other,  but  containing  also  as  much  sulphate  of  copper  as  it  will 
take  up.     For  the  purpose  of  keeping  it  saturated,  crystals  of  sul- 
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phate  of  copper  are  suspended  in  it  near  its  surface  by  means  of  a 
wire  basket  of  copper.  The  effect  of  this  arraugement  is,  that  the 
hydrogen  is  intercepted  before  it  can  arrive  at  the  copper  plate,  uid 
the  deposit  which  takes  place  on  the  copper  plate  is  a  deposit  of 
copper,  the  hydrogen  taking  the  place  of  this  copper  in  the  saturat£ii 
solution. 

The  current  given  by  a  battery  of  these  cells  remains  nearly  con- 
stant for  some  hours. 

In  the  figure,  the  copper  plate  C  is  represented  as  a  cleft  cylinder 
occupying  the  interior,  with  the  crystals  of  sulphate  of  copper  piled 
up  round  it.  The  entire  cylinder  surrounding  these  is  the  porona 
partition,  outside  of  which  is  the  cleft  cylinder  of  zinc  Z,  the  whole 
being  contained  in  a  vessel  of  gloaa 

It  is  more  usual  in  this  country  to  dispense  with  the  glass  vessel,  . 
and  interchange  the  places  of  the  zinc  and  copper  in  the  figure,  tbe 
copper  plate  being  a  cylindrical  vessel  of  copper  containing  the 
saturated  solution.     In  this  is  immersed  the  porous  vessel  containmg 
the  other  fluid  with  the  zinc  plate  immersed  in  it     The  cells  thus 
constructed    are   usu- 
ally arranged  in  square 
compartments     in   a 
wooden  box. 

9S0.  Bnnsen's  Btt- 
teiy.  —  The  battery 
which  is  now  perliqis 
most  extensively  nsed 
for  class  experimeDts 
is  that  which  was  in- 
vented by  Bunsen  in 
1843,  being  substanti- 
ally identical  with  one 
previously  invented 
by  Grove,  except  that 
carbon  is  substitGted 
for  platinum. 
Fig.  MS.— BmiMii'i  Cell.  ''^^  usual  const^u^ 

tion  of  its  cells  is  very 
clearly  represented  in  Fig.  445.  The  cleft  cylinder  is  the  zinc  plate, 
which  is  immersed  in  dilute  sulphuric  acid.  Within  this  is  tbe 
porous  cylinder,  similar  to  Danieli's,  containing  strong  nitric  acid. 
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in  which  is  immereed  a  rectangular  prism,  of  a  very  dense  kind  of 
cbarcoal,  obtained  firom  the  interior  of  tiie  retorts  at  gas-works,  being 
deposited  there  in  the  manufacture  of  gas. 


In  this  cell  the  hydrogen  is  intercepted  on  its  way  to  the  carbon 
plate  by  the  nitric  acid,  with  which  it  forms  nitrous  acid. 

Grove's  battery  possesses  some  advantages  over  Bunsen's ;  but  its 
first  cost  is  much  greater. 

531.  Amalgamated  Zinc. — When  the  poles  of  a  battery  are  insulated 
irom  one  another,  there  ought  to  be  no  chemical  action  in  the  cella 
Any  action  which  then  goes  on  is  wasteful,  and  is  an  indication  that 
unproductive  consumption  of  zinc  goes  on  when  the  current  is  pass- 
ing, in  addition  to  the  consumption  which  is  necessary  for  producing 
the  current.  This  wasteful  action,  which  is  called  local  action,  goes 
on  largely  when  the  zinc  plates  are  of  ordinary  commercial  zinc,  but 
not  when  they  are  of  perfectly  pure  zinc.  In  this  respect  amal- 
gamated zinc  behaves  like  pure  zinc,  and  it  is  accordingly  almost 
universally  employed.  The  amalgamation,  which  must  be  often 
renewed  in  the  case  of  a  battery  in  constant  use,  is  performed  by 
first  cleaning  the  zinc  plates  with  dilute  acid,  and  then  rubbing  them 
with  mercury. 

522.  Dry  Pile;  Bohnenberger's  Electroscope. — For  telegraphic  pur- 
poses in  this  country,  a  battery  is  very  commonly  employed  in  which 
sand  or  sawdust,  moistened  with  acidulated  water,  separates  the  zinc 
and  copper  plates  of  each  cell. 

The  other  forms  of  battery  which  have  been  devised  are  exceed- 
ingly numerous,  and  new  forms  are  continually  being  introduced 

A  dry  jyile,  built  up  on  the  general  plan  of  Volta's  moist  pile,  waa 
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devised  by  De  Luc,  and  improved  by  Zamboni.  lu  Zambonl's  con- 
struction, sheets  of  paper  are  prepared  by  pasting  finely  laminated 
zinc  or  tin  on  one  side,  and  rubbing  black  oxide  of  manganese  on  the 
other.  Discs  are  punched  out  of  this  paper,  and  piled  up  into  a 
column,  with  their  similar  sides  all  facing  the  same  way,  to  the 
number  of  a  thousand  or  upwards,  and  are  well  pressed  together. 
The  difference  of  potential  between  the  two  ends  is  sufficient  to 
produce  sensible  divergence  of  the  gold-leaves  of  an  electroscope,  but 
the  quantity  of  electricity  which  can  be  developed  in  a  given  time  is 
exceedingly  small.  No  pile  or  battery  can  generate  a  sensible  cur- 
rent, except  by  a  sensible  consumption  of  its  materials  in  the  shape 
of  chemical  action. 

A  veiy  delicate  gold-leaf  electroscope  was  devised  by  Bohneo- 
berger,  consisting  of  a  single  leaf  suspended  between  the  two  poles 
of  a  dry  pile,  which  for  this  purpose  is  arranged  in  two  columns 
connected  below,  so  that  the  poles  are  at  the  summits.  If  their  lower 
ends,  which  form  the  middle  of  the  series,  be  connected  with  the 
earth,  one  pole  will  always  have  positive,  and  the  other  native 
potential.  A  very  slight  charge,  positive  or  negative,  given  to  the 
gold-leaf  by  means  of  the  knob  at  the  top  of  the  case,  suffices  to  make 
it  move  to  the  negative  or  the  positive  pole. 

523.  Thermo-electric  Currents. — Electric  currents  can  be  produced 
by  applying  heat  or  cold  to  one  of  the  junctions  in  a  circuit  composed 

of  two  different  metals.  This 
was  first  shown  by  Seebeck  of 
Berlin  in  1 82 1 .  It  may  be  illus- 
trated by  employing  a  rectan- 
gular frame  (Fig.  448),  having 
three  sides  formed  of  a  copper 
plate,  and  the  fourth  of  a  cylin- 
der of  bismuth.  It  must  be 
placed  in  the  magnetic  meridian, 
with  a  magnetized  needle  in  its 
Fig.  448.— Thormo-ei6ctrio  Current.  interior.    On  heating  ouc  of  the 

junctions  with  a  spirit-lamp,  the 
needle  will  be  deflected  in  such  a  direction  as  to  indicate  the  existence 
of  a  current,  which,  in  the  copper  portion  of  the  circuit,  flows  from 
the  hot  to  the  cold  junction,  and  in  the  bismuth  portion  from  the 
cold  to  the  hot.  If  cold  instead  of  heat  be  applied  to  one  junction, 
the  direction  of  the  current  will  still  be  from  the  warmer  junction 
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'^^^14 


Fig.  449.-.Ciimnt  with  one  Metal. 


through  the  copper  to  the  colder  junction,  and  from  this  through  the 
bismuth  to  the  warmer  junction.  Antimony,  if  employed  instead  of 
copper,  gives  a  still  more  powerful  effect 

624.  Though  a  circuit  composed  of  bismuth  and  antimony  is 
specially  susceptible  of  thermo-electric  excitation,  the  property  is 
possessed,  in  a  more  or  less  marked  degree,  by  every  circuit  composed 
of  two  metals,  and  even  by  cir- 
cuits composed  of  the  same  metal 
in  different  states.  If,  for  ex- 
ample, a  knot  or  a  helix  (as  in 
Fig.  449),  be  formed  in  a  piece  of 
platinum  wire,  and  heat  applied 
at  one  side  of  it,  a  current  will 
be  indicated  by  a  delicate  galvanometer.  In  metals  which  are  usually 
heterogeneous  in  their  structure,  such  as  bismuth,  it  is  not  uncom- 
mon to  find  currents  produced  by  heating  parts  which  appear  quite 
uniform.  If  the  ends  of  two  copper  wires  be  bent  into  hooks,  and 
one  of  them  be  heated,  on  placing  them  in  contact,  a  current  will  be 
produced  due  to  the  presence  of  a  thin  film  of  oiide  on  the  heated 
wire.     With  two  platinum  wires,  no  such  effect  is  obtained. 

626.  Thenno-electrie  Order. — According  to  Becquerel's  experiments, 
the  metals  may  be  ranged  in  the  following  order,  as  regards  the 
direction  of  the  current  produced  by  heating  a  junction  of  any  two' 
of  them : — Bisrmvth,  platinum^  lead,  tin,  copper,  silver,  zinc,  i/ron, 
antimony;  that  is  to  say,  if  a  junction  of  any  two  of  these  metals 
be  heated,  the  direction  of  the  current  at  the  junction  in  question 
will  be  from  that  which  stands' 

first  in  the  list  to  the  other.    His   ^V  /a 

experiments  have  also  established 


Fig.  451. 


the  important  fact  that  the  cur- 
rent obtained  by  heating  all  the 
junctions  B,  C,  D,  E,  F,  of  a  chain 
of  dissimilar  metals  to  one  com- 
mon temperature,  is  the  same  as 

« 

that  obtained  by  uniting  the  two  extreme  bars  AB,  FG,  directly  to 
each  other,  and  heating  their  junction  to  the  same  temperature.^ 
626.  Comparison  of  Electro^motive  Forces. — By  employing  a  chain 

*  The  more  accurate  statement  is,  that  the  electro- motive  force  is  the  same  in  the  two 
cases.  The  current  will  be  sensibly  the  same  if  the  resistance  in  BCDEF  is  insignificant 
in  comparison  with  the  rest  of  the  circuit.     In  order  that  there  may  be  a  current,  the 
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composed  of  wires  of  different  metals  soldered  together,  with  its  two 
extremities  connected  with  a  galvanometer,  and  heating  one  junction 
to  20"*  C,  while  the  rest  were  kept  at  0°  C,  Becquerel  obtaiDed  cur- 
rents proportional  to  the  following  numbers: — 


Junction  heated.  Curxent. 

Iron  >  silver, 26*20 

Iron -copper,      .     .     .     .     27*96 

Iron -tin, 31*24 

Iron  -  platinum, .     .     .    .     86*07 


Junction  heated.  Corraiit. 

Copper  -  platinum,     .     .    .    S'55 

Copper -tin, 3*50 

Silver  -copper,    ....     2*00 
Zinc     -copper,    ....     1*00 


On  comparing  these  numbers,  it  will  be  found  that  they  are  in 
approximate  agreement  with  the  law  above  stated.  Thus  the  electro- 
motive force  of  a  silver-platinum  circuit  comes  out  10*55  by  adding 
2-00  to  8-55,  and  987  by  subtracting  2620  from  3607.  The  electro- 
motive force  of  copper-platinum  is  855  as  observed  directly,  and 
81 1  as  computed  by  taking  the  difference  of  iron-copper  and  iron- 
platinum.  The  deviation  from  precise  agreement  is  not  more  than 
may  fairly  be  ascribed  to  errors  of  observation. 

627.  Influence  of  Temperature. — When  the  junctions  in  a  thermo- 
electric circuit  are  at  only  two  temperatures,  the  lower  of  which 
remains  constant  while  the  other  varies,  the  current  will  be  sensibly 
proportional  to  the  difference  of  temperature  only  as  long  as  this 
difference  is  small.  As  the  difference  goes  on  increasing,  the  current 
increases  less  rapidly,  then  decreases,  and  at  still  greater  differences 
of  temperature  is  reversed. 

628.  Thenno-electric  Pile. — If  a  thermo-electric  chain  be  composed 
of  two  metals  occurring  alternately  (as  in  Fig.  452),  no  effect  will  be 


Fig.  452.~Poumet'8  Tharmo-pilA. 

obtained  by  equally  heating  two  cons^u^ive  junctions;  for  the  current 
which  would  be  generated  by  heating  the  one  is  in  the  opposite 
direction  to  that  due  to  the  heating  of  the  other.     If  we  number  the 

circuit  must  of  course  be  completed,  and  not  left  open  as  in  Fig.  451.  In  the  case  of  an 
open  circuit,  the  result  of  the  heating  will  simply  be  to  produce  difference  of  potential 
between  the  extremities  A,  G.  This  difference  of  potential  is  the  measure  of  the  electro- 
motive force,  and  will  accordingly  be  the  same  in  the  two  cases. 
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junctions  in  order,  we  shall  obtain  a  current  in  one  direction  by 
heating  any  junction  which  bears  an  odd  number,  and  in  the  opposite 
direction  by  heating  any  one  that  bears  an  even  number.  The  thermo- 
electric pile,  or  thevTYhO'pile,  whose  use  has  been  already  described  in 
connection  with  experiments  on  radiant  heat  (§  313),  is  an  arrange- 
ment of  this  kind,  in  which  all  the  odd  junctions  are  presented 
together  at  one  end,  and  all  the  even  junctions  at  the  other,  the  two 
metals  composing  the  pile  being  antimony  and  bismuth.  The  electro- 
motive force  obtained  with  a  given  difference  of  temperature  between 
the  ends  of  the  pile  is  proportional  to  the  number  of  junctions,  except 
in  so  far  as  accidental  differences  may  exist  between  different  junc- 
tions. 

529.  Application  to  Heasorement  of  Temperature. — ^Thermo-electric 
currents  may  be  employed  either  in  testing  equality  of  temperatures, 
or  in  comparing  small  differences  of  temperature.  As  an  example  of 
the  former  application,  suppose  a  circuit  to  be  formed  of  two  long 
wires,  one  of  iron  and  the  other  of  copper,  connected  at  both  ends, 
and  covered  with  gutta-percha  or  some  other  insulator  except  at 
the  two  junctions.  Let  one  junction  be  lowered  to  the  bottom  of  a 
boring,  or  any  other  inaccessible  place  whose  temperature  we  wish 
to  ascertain,  and  let  the  other  junction  be  immersed  in  a  vessel  of 
water  containing  a^  thermometer.  If  one  of  the  wires  be  carried' 
round  a  galvanom^^r,  the  direction  in  which  the  needle  is  deflected 
will  indicate  whetK-  the  upper  or  lower  junction  is  the  warmer,  and 
if  we  alter  the  temHrature  of  the  water  in  the  vessel  till  the  deflec- 
tion is  reduced  to  «ro,  we  know  that  the  two  junctions  are  at  the 
same  temperaturej|  which  we  can  read  off  by  the  thermometer 
immei*sed  in  the  water. 
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680.  (Ersted's  Experiment. — ^The  discovery  by  the  Danish  philo- 
sopher CBrsted,  in  1819,  that  a  magnetized  needle  could  be  deflected 
by  an  electric  current,  was  justly  regarded  with  intense  interest  by 
the  scientific  world,  as  affording  the  first  indication  of  a  definite  rela- 
tion existing  between  magnetism  and  electricity. 

CErsted's  experiment  can  be  repeated  by  means  of  the  apparatus 
represented  in  Fig.  456.  Two  insulated  metallic  wires  are  placed 
in  the  magnetic  meridian,  one  of  them  above,  and  the  other  below  a 

magnetized  needle.    If  a 
current   be  sent  throagh 
one  ^  these    wires,  the 
needle  will  be  deflected; 
and    if    the    current  be 
strong,  the  deflection  will 
ne^ly  amount  to  a  right 
angle.      The  direction  of 
the  deflection  will  be  re- 
versed if  the  current  be 
passed  through  the  lower 
instead  of  the  upper  wire.     It  will  also  be  reversed  by  reversing  the 
direction  of  the  current.     In  the  figure,  the  current  is  supposed  to 
be  passing  above  the  needle  from  south  to  north.     In  this  case  the 
north  end  of  the  needle  moves  to  the  west,  and  the  south  end  to  the 
east.      On  making  the  current   pass  in  various  directions,  either 
horizontally,  vertically,  or  obliquely,  near  one  pole  of  the  needle^  it 
will  be  found  that  deviation  is  always  produced  except  when  the 
plane  containing  the  i)ole  and  current  is  perpendicular  to  the  length 
of  the  needla 


Fig.  450.— (Erated's  Bzperiment. 
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631.  Ampbre's  Rule. — The  direction  in  which  either  pole  of  a  needle 
is  deflected  by  a  current,  whatever  their  relative  positions  may  be, 
is  given  by  the  following  rule,  which  was  first  laid  down  by  Ampere. 


-A 


Fig  457. 


Amp^re'a  Law. 


Fig.  458. 


Imagine  an  observer  to  be  so  placed  that  the  current  passes  through 
him,  entering  at  his  feet  and  leaving  at  his  head,  then  the  deflection 
of  a  Tunik'Seehmg  pole  will  be  to  the  left  as  seen  by  him.  The  deflec- 
tion of  a  south-seeking  pole  will  be  in  the  opposite  direction.  The 
two  figures  457,  458  illustrate  the  application  of  this  rule  to  the  two 
cases  just  considered.  The  current  is  supposed,  in  both  cases,  to  be 
flowing  from  south  to  north.  A  is  the  austral  or  north-seeking  pole 
of  the  needle,  and  B  the  boreal  or  south-seeking  pole. 

631  A.  Lines  of  Magnetic  Force  due  to  Current. — The  relation  between 
currents  and  magnetic  forces  may  be  more  ^ 

precisely  expressed  by  saying  that  a  cur- 
rent flowing  through  a  straight  wire  pro- 
duces circular  lines  of  force,  having  the 
wire  for  their  common  axis.  A  pole  of  a 
magnet  placed  anywhere  in  the  neighbour- 
hood of  the  wire,  experiences  a  force  tend- 
ing to  urge  it  in  a  circular  path  round  the 
wire,  and  the  direction  of  motion  round  the 
wire  is  opposite  for  opposite  poles.  Fig. 
458  a  represents  three  of  the  lines  of  force 
for  a  north-seeking  pole,  due  to  a  current 
flowing  through  a  straight  wire  from  the 
end  marked  -f-  to  the  end  marked  — .  The 
lines  of  force  are  circles  (shown  in  perspec- 
tive as  ellipses),  having  their  centre  at  a 
point  C  in  the  wire,  and  having  their  plane  perpendicular  to  the  length 

of  the  wire.     The  arrows  indicate  the  direction  in  which  a  north- 

43 


Fig.  458  a. — ^Lines  of  Foroe  doe 
feo  Current 
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seeking  pole  will  be  urged.  This  direction  is  from  right  to  left  round 
the  wire  as  seen  from  the  wire  itself  by  a  person  with  his  feet  to- 
wards +  and  his  head  towards  —,  according  to  Ampfere's  rule.  The 
figure  may  be  turned  upside  down,  or  into  any  other  position,  and 
will  still  remain  true. 

531b.  Beaction  of  Hagnet  on  Current. — ^While  the  wire,  in  virtue 

of  the  current  flowing  up  through  it,  urges  an  austral  pole  from  A 

^__  towards  A'  (Fig.  458  b),  it  is  itself  urged  in 

the  opposite  direction  CC    If  an  observer 
be  in  imagination  identified  with  the  wire, 
the  current  being  supposed,  as  in  Ampere's 
rule,  to  enter  at  his  feet,  and  come  out  at 
— ^.^..^^        his  head,  the  force  which  he  will  experi- 
^^    ence  from  a  north-seeking  pole  directly  in 
J    front  of  him  will  be  a  force  to  his  right 
— "  It  will  be  noted  that  the  magnetic  influ- 

ence which  thus  urges  him  to  the  right, 
would  urge  a  north-seeking  pole  from  his 
front  to  his  back.  A  conductor  conveying 
a  current  is  not  urged  along  lines  of  mag- 
noetic  force^  hut  in  a  direction  which  is  at 

^*  **c™^*^**"  ****  ^^^  ati^Zea  to  them,  and  at  the  same  tinu 

at  right  angles  to  its  own  length. 

632.  Numerical  Estimate  of  Currents. — The  numerical  measure  of 
a  current  denotes  the  quantity  of  electricity  which  flows  across  a 
section  of  it  in  unit  time.  It  is  sometimes  called  strength  of  current^ 
sometimes,  especially  by  French  writers,  i/ntensity  of  current,  some- 
times simply  cui^ent  or  amount  of  current.  If  a  thin  and  a  thick 
wire  are  joined  end  to  end,  it  has  the  same  value  for  them  both;  just 
as  the  same  quantity  of  water  flows  through  the  broad  as  through 
the  contracted  parts  of  the  bed  of  a  stream.  Hence  the  name  inten- 
sity is  obviously  inappropriate,  for,  with  the  same  total  quantity  of 
electricity  flowing  through  both,  the  current  is,  properly  speaking, 
more  intense  in  the  thin  than  in  the  thick  wira 

Currents  may  be  measured  experimentally  by  various  tests,  which 
are  found  to  agree  precisely.  The  most  convenient  of  these  for 
general  purposes  is  the  deflection  of  a  magnetized  needle.  The  force 
which  a  given  pole  experiences  in  a  given  position  with  respect  to  » 
wire  conveying  a  current,  is  simply  proportional  to  the  current 
Hence  the  name  strength  of  cun^ent  admits  of  being  interpreted  in  a 
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sense  corresponding  to  that  in  which  we  speak  of  the  strength  of  a 
pole.  Instruments  for  measuring  currents  by  means  of  the  deflec- 
tions which  they  produce  in  a  magnetized  needle  are  called  galvano- 
meters. 

S33.  Sine  GalTanometer. 
— The  sine  galvanometer, 
which  waa  invented  by 
Pouillet,  is  represented  in 
Fig,  459.  The  current  which 
is  to  be  measured  traverses 
a  copper  wire,  wrapped 
round  with  silli  for  insula- 
tion, which  is  carried  either 
once  or  several  times  round 
a  vertical  circle;  and  this 
circle  can  be  turned  into 
any  position  in  azimuth, 
the  amount  of  turning  be- 
ing indicated  on  a  horizon- 
tal circle.  In  the  centre  of 
the  vertical  circle,  a  decli- 
nation needle  is  mounted, 
surrounded  by  a  horizontal 
circle    for    indicating     its 

position,  .this   circle  being  pig.  459.-aiBB  G»wuionnt«r. 

rigidly  attached  to  the  ver- 
tical circle.  Suppose  that,  before  the  current  is  allowed  to  pass, 
both  the  needle  and  the  vertical  circle  are  in  the  magnetic  meridian, 
and  that  the  needle  consequently  points  at  zero  on  its  horizontal 
circle.  On  the  current  passing,  the  needle  will  move  away.  The 
vertical  circle  must  then  be  turned  until  it  overtakes  the  needle; 
that  is,  until  the  needle  again  points  at  zero.  This  implies  turning 
the  circles  through  an  angle  n  equal  to  that  by  which  the  needle 
finally  deviates  from  the  magnetic  meridiaa  In  this  position  the 
terrestrial  couple  tending  to  bring  back  the  needle  to  the  meridian 
is  proportional  to  ein  a  (§  498).  The  forces  exerted  upon  the  two 
poles  by  the  current  are  perpendicular  to  the  plane  of  the  vertical 
circle,  and  are  simply  proportional  to  the  current  Hence,  in  com- 
paring different  observations  made  with  the  same  instrument,  the 
amounts  of  current  are  proportional  to  the  sines  of  the  deviations 
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634.  Tangent  Galvanometer. — The  tangent  galvanometer,  which  U 
simpler  in  its  construction  and  use,  and  is  much  more  frequently 
employed,  consists  of  a  declination  needle  mounted  in  the  centre  of 
a  vertical  circle  whose  plane  always  coincides  with  the  magnetic 
meridian,  the  length  of  the  needle  being  small  in  comparison  with 
the  radius  of  the  circle. 

Let  0  (Fig.  460)  be  the  centre  of  suspen- 
sion, ab  the  initial  position  of  the  needle, 
and  a'  b'  its  deflected  position.  The  f<»ce  F 
exerted  on  either  pole  by  the  current  is  sen- 
sibly the  same  at  a'  aa  at  a  on  account  of 
the  smallness  of  the  needle,  and  it  actiB  Id 
'      ,^  the  direction  Ik,  while  the  borizootal  force 

of  the  earth  upon  the  pole  acts  along  a'm, 
^^  *^'^^^.''"'"'  »"<*  ^^^  ,<^*o  fo"'^  gi^e  »  resultant  along 
oa'.  Hence,  taking  the  triangle  ola'  as  the 
triangle  of  forces,^  the  force  exerted  by  the  current  is  to  the  hori- 
zontal force  exerted  by  the  earth  as  la'  to  ol,  or  as  tan  a  to  unity; 
that  is,  the  current  is  proportional  to  the  tangent  of  the  deflection. 

In  order  to  permit  the  deviations  of  the  short  needle  to  be  accur- 
ately read,  a  long  pointer  is  attached  to  it,  usually  at  right  angles, 
the  two  ends  of  which  move  along  a  fixed  horizontal  circla 

53S.  Multiplier. — The  idea  of  carrying  a  wire  several  times  round 
a  needle  in  a  vertical  plane  is  due  to 
Schweiger.  The  form  of  apparatus  de- 
signed by  him,  called  Scktveiger's  mu/- 
tiplier,  is  represented  in  Fig.  461.  The 
difference  between  the  rectangular  and 
the  circular  form  is  merely  a  matter  of 
,  \         detail     The  name  mtUtiplier  is  derived 

*,_     from  the  fact  that,  if  the  current  ia  not 
sensibly  diminished  by   increa^g  the 
Kg,  Mi.-schwetp.r-.  Mnitipiior.       Dumber  of  convolutions  of  wire  throogli 
which  it  has  to  pass,  the  force  exerted  on 
the  needle  is  n  times  as  great  with  n  convolutions  as  with  only  1, 
since  each  convolution  exerts  its  own  force  on  the  needle  indepen- 
dent of.  the  rest.    Cases,  however,  frequently  occur  in  which  the 
increased  resistance  iutroduced  by  increasing  the  number  of  convolu- 
o  two  triAoglca,  dUwr  ol  'biii 
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Fig.  462. 


tioDS  outweighs  the  advantage  of  multiplication,  so  that  a  short  thick 
wire  with  few  convolutions  gives  a  more  powerful  effect  than  a  long 
thin  wire  with  many.  This  is  especially  the  case  with  thermo-electric 
currents.  The  names  multiplier  and  galvanometer  are  commonly 
used  as  equivalent 

The  difference  between  the  rectangular  and  the  circular  form  is 
merely  a  matter  of  detail.  Whichever  form  be  adopted,  All  parts  of 
the  coil  contribute  to  make  the  needle  deviate  in  the  same  direction. 
For  instance,  in  Fig.  462,  if  the  current 
proceeds  in  the  direction  indicated  by 
the  arrows,  the  application  of  Ampere's 
rule  to  any  one  of  the  four  sides  of  the 
rectangle  shows  that  the  austral  pole 
a  will  be  urged  towards  the  front  of 
the  figure.  When  the  coil  is  circular, 
and  the  needle  so  small  that  each  pole  is  nearly  in  the  centre,  equal 
lengths  of  the  current,  in  whatever  parts  of  the  circle  they  may  be 
situated,  exert  equal  forces  upon  the  needle,  and  all  alike  urge  the 
poles  in  directions  perpendicular  to  the  plane  of  the  coiL 

635  a.  Differential  Oalvanometer. — The  coil  of  a  galvanometer  some- 
times consists  of  two  distinct  wires,  having  the  same  number  of  con- 
volutions, and  connected  with  separate  binding-screws.  This  arrange- 
ment allows  of  currents  from  two  distinct  sources  being  sent  at  the 
same  time  round  the  coil  either  in  the  same  or  in  opposite  directions. 
In  the  latter  case,  the  resultant  effect  upon  the  needle  will  be  that 
due  to  the  difference  of  the  two  currents;  and  if  they  are  not  exactly 
equal,  the  direction  of  the  deflection  will  indicate  which  of  them  is 
the  greater.  An  instrument  thus  arranged  is  called  a  differential 
galvan^ometer, 

536.  Astatic  Needle. — The  sensibility  of  the  galvanometer  is  greatly 
increased  by  employing  what  is  called  an  astatic  needla  It  consists 
of  a  combination  of  two  magnetized  needles  ivith  their  poles  turned 
opposite  ways.  The  two  needles  are  rigidly  attached  at  different 
heights  to  a  vertical  stem,  and  the  system  is  usually  suspended  by  a 
silk  fibre,  which  gives  greater  freedom  of  motion  than  support  upon 
a  point.  On  account  of  the  opposition  of  the  poles,  the  directive 
action  of  the  earth  on  the  system  is  very  feeble.  If  the  magnetic 
moments  of  the  two  needles  were  exactly  equal,  the  resultant  moment 
would  be  zero,  and  the  system  would  remain  indifferently  in  all 
azimutha 
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One  of  the  needles  a  b  (Fig.  463)  is  nearly  in  the  centra  of  the  coil 
CDEF  through  which  the  current  passes.     The  other  o' 6' is  just 
above  the  coil.     When  a  current  traveraea  the  coil  in  the  direction 
.  of  the  arrows,  the  action  of  all  parts  of  tbe 

current  upon  the  lower  needle  tends  to  urge 
^'^  y  the  austral  pole  a  towards  the  back  of  tbe 
figure,  and  the  boreal  pole  6  to  the  front 
The  upper  needle  a  b'  is  affected  principally 
by  the  current  in  tbe  upper  part  CD  of  the 
coil,  which  urges  the  austral  pole  a'  to  the 
front  of  the  figure  and  the  boreal  pole  b'  to 
the  back.  Both  needles  are  thus  ur^ed  to  rotate  in  the  same  direc- 
tion by  the  current,  and  aa  the  opposing  action  of  the  earth  is  greatly 
enfeebled  by  the  combination,  a  much  lat^r. deflection  is  obtained 
than  would  be  given  by  one  of  the  needles  if  employed  alone. 

If  the  two  needles 
bad  rigorously  equal  mo- 
menta, the  system  would 
be  said  to  be  perfectly/ 
aatatie.  The  smallest 
currant  in  tbe  coil  would 
then  suffice  to  set  tbe 
needles  at  right  angles  to 
the  meridian,  and  no 
measure  would  be  ob- 
tained of  the  amount  of 
current 

Fig.  464  represents  aa 
astatic  galvanometer,  as 
usually  constructed.  Tbe 
coil  is  wound  npon  an 
ivory  frame,  which  sup- 
ports the  divided  circle 
Fig.  »9i.-A«»tic  Giiranomstm.  '"  whose  cent^  the  up- 

per needle  is  suspended 
The  ends  of  the  coil  are  connected  with  two  binding-screws  for 
making  connection  with  the  wires  which  convey  the  current  to  be 
measured.  Tbe  needles  are  usually  two  sewing- needles,  and  the 
upper  one  often  carries  a  light  pointer.  The  suspending  fibre  is 
attached  at  its  upper  end  to  a  hook,  which  can  be  raised  or  lowered, 
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and  when  the  instrument  is  not  in  use  this  is  lowered  till  the  upper 
needle  rests  upon  the  plate  beneath  it,  so  as  to  relieve  the  fibre  from 
strain.  In  using  the  instrument,  care  must  be  taken  to  adjust  the 
three  levelling-screws  so  that  the  needle  swings  free. 

536  a.  Thomson's  Hirror  Galvanometer. — ^The  most  sensitive  galvano- 
meter as  yet  invented  is  the  mirror  galvanometer  of  Sir  W.  Thomson. 
Its  needle,  which  is  very  short,  is  rigidly  attached  to  a  small  light 
concave  mirror,  and  suspended  in  the  centre  of  a  vertical  coil  of  very 
small  diameter  by  a  silk  fibre.  A  movable  magnet  is  provided  for 
bringing  the  needle  into  the  plane  of  the  coil  when  the  latter  does 
not  coincide  with  the  magnetic  meridian.     A  divided  scale  is  placed 


M 
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in  a  horizontal  position  in  front  of  the  mirror,  at  the  distance  of  about 
a  yard,  and  the  image  of  an  illuminated  slit,  which  is  thrown  by  the 
mirror  up  jn  this  scale,  serves  as  the  index.  The  arrangement  of  the 
mirror  and  scale,  which  is  the  same  as  in  the  case  of  the  quadrant 
electrometer  described  in  a  previous  chapter,  is  exhibited  in  Fig. 
464  a.  M  is  the  mirror  of  silvered  glass,  slightly  concave,  with  a 
small  piece  of  magnetized  watch-spring  attached  to  its  back,  the  two 
together  weighing  only  a  grain  and  a  half,  and  suspended  by  a  few 
fibres  of  unspun  silk.  AA  is  a  divided  scale  forming  an  arc  of  a 
horizontal  circle  about  the  mirror  as  centre.  Immediately  below  the 
centre  of  this  scale  is  a  circular  opening  S  with  a  fine  wire  stretched 
vertically  at  the  back  of  it  A  paraffine  lamp  L  is  placed  directly 
behind  this  opening,  so  as  to  shine  through  it  upon  the  mirror,  which 
is  at  such  a  distance  as  to  throw  upon  the  screen  a  bright  image  of 
the  opening  with  a  sharply-defined  dark  image  of  the  wire  in  its 
centre.  The  image  of  the  wire  is  employed  as  the  index  in  taking 
the  readings. 
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For  use  at  sea,  the  galvanometer  is  modified  by  fastening  the 
supporting  fibre  of  silk  at  both  ends,  so  as  to  keep  it  tight,  with  the 
needle  and  mirror  attached  at  its  centre,  care  being  taken  to  make 
the  direction  of  the  fibre  pass  through  the  common  centre  of  gravity 
of  the  needle  and  mirror,  in  order  that  the  rolling  of  the  ship  may 
not  tend  to  produce  rotation.  In  this  form  it  is  called  the  marine 
galvanometer. 

•  637.  Calibration  of  Galvanometer. — The  deviations  of  the  needle  of 
a  galvanometer  are  not  in  general  proportional  to  the  currents  which 
produce  them.  In  order  to  be  able  to  translate  the  indications  of  the 
instrument  into  proportional  measure,  a  preliminary  investigation 
must  be  made,  and  its  results  embodied  in  a  tabla  This  has  been 
done  in  several  ways.  We  shall  merely  indicate  the  method  em- 
ployed by  Melloni  for  deducing  from  the  deflections  of  his  galvano- 
meter the  amounts  of  heat  received  by  his  fhermo-pila 

He  placed  two  sources  of  heat  opposite  the  two  ends  of  the  pile, 
and  allowed  them  to  radiate  to  it,  first  one  at  a  time,  and  then  boUi 
together.  One  of  them  produced  a  deviation,  say  of  5**,  and  the  other 
of  10°,  and  when  the  two  were  acting  jointly  the  deviation  was  5*. 
Since  the  latter  number  is  the  difference  of  the  other  two,  the  infer- 
ence is  that  up  to  10°  the  deflections  are  proportional  to  the  amounts 
of  heat  received.  Melloni  thus  established  that  the  proportionality 
subsisted  up  to  20°.  When  the  two  sources  separately  produced 
deflections  of  20°  and  25°,  and  a  deflection  of  6°  5  jointly,  he  inferred 
that  a  deflection  of  25°  indicated  an  amount  of  heat  represented  by 
26°'5 ;  for  the  heat  which  produced  the  deflection  of  25°  was  the  sum 
of  the  two  amounts  represented  separately  by  20°  and  6°"5.  By  a 
succession  of  steps  of  this  kind,  the  calibration^  (as  this  process  is 
called)  can  be  extended  nearly  to  90°. 

This  mode  of  investigation  covers  any  want  of  proportionality 
which  may  exist  in  the  production  of  thermo-electric  currents^  as 
well  as  in  the  proportionality  of  these  currents  to  the  deflectiona 
Another  method  of  calibrating  a  galvanometer  will  be  described  in 
the  next  chapter. 


'  The  application  of  the  name  cidihration  to  this  process  is,  we  believe,  due  to 
Tjmdall.  Its  analogy  to  the  calibration  of  a  thermometer  is  obvious ;  the  object  in  both 
cases  being  to  reduce  observed  differences  to  proportional  measure.  It  is  often  called  the 
graduation  of  a  galvanometer;  but,  in  point  of  fact,  the  galvanometer  is  gradnated,  by 
dividing  its  circle  into  860  degrees,  before  the  process  begins. 
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538.  statement  of  Ohm's  Law. — The  strength  of  the  current  which 
traverses  a  circuit  depends  partly  on  the  electro-motive  force  of  the 
source  of  electricity,  and  partly  on  the  resistance  of  the  circuit.  For 
equal  resistances,  it  is  proportional  to  the  whole  electro-motive  force 
tending  to  maintain  the  current,  and  for  equal  electro-motive  forces 
it  is  inversely  as  the  whole  resistance  in  the  circuit.  Hence,  when 
proper  units  are  chosen  for  expressing  the  current  C,  the  resist- 
ance R,  and  the  electro-motive  force  E,  we  have 

E 

or  the  current  is  equal  to  the  electro-motive  force  divided  by  the 
resistance.    This  is  Ohm's  law,  so  called  from  its  discoverer. 

639.  Explanation  of  the  term  Electro-motive  Force. — Whenever 
an  acid  is  in  contact  with  a  metal  liable  to  be  acted  upon  by  it,  a 
difference  of  potential  exists  at  the  surface  of  contact,  the  acid  having 
higher  potential  than  the  metal  In  a  galvanic  circuit,  the  tendency 
of  this  difference  of  potential  is  to  force  a  current  round  from  the 
acid  through  the  rest  of  the  circuit  to  the  metal  In  a  battery  consist- 
ing of  several  cells  arranged  in  a  series,  the  total  electro-motive  force 
is  the  sum  of  the  forces  of  the  separate  cells ;  and  if  the  circuit  be 
interrupted  at  any  one  place,  and  the  potentials  at  the  two  sides  of 
the  interi'uption  be  examined  by  Thomson's  quadrant  electrometer, 
they  will  exhibit  a  difference  which  is  the  sum  of  the  differences 
exhibited  by  the  separate  cells  when  similarly  examined.  A  similar 
difference,  but  usually  much  smaller,  is  exhibited  by  the  two  poles 
of  a  thermo-electric  pile  when  its  two  faces  are  at  different  tempera- 
tures, and  is  the  sum  of  the  differences  due  to  the  separate  elements. 

When  the  current  is  passing  round  a  galvanic  circuit  there  is,  in 
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each  cell,  a  gradual  fall  of  potential  firom  the  film  of  liquid  in  contact 
with  the  zinc  to  the  film  in  contact  with  the  carhon  or  copper  plate, 
and  there  is  also  a  gradual  fall  in  the  connecting  wire  from  the  last 
carbon  (or  the  positive  pole)  to  the  first  zinc  (or  the  negative  pole), 
the  sum  of  all  these  gradual  falls  being  precisely  equal  to  the  sum  of 
all  the  sudden  rises  ^  which  occur  at  the  surfaces  of  contact  between 
metal  and  liquid  The  sum  of  all  these  sudden  rises  constitutes  the 
whole  electro-motive  force  of  the  circuit 

In  like  manner,  in  a  thermo-electric  circuit,  there  is  difierence  of 
potential  probably  at  each  junction,  whatever  its  temperature  may 
be;  and  the  algebraic  sum  of  these  sudden  differences  (a  rise  of 
potential  being  called  positive  and  a  fall  negative,  in  travelling 
with  the  current)  is  the  whole  electro-motive  force  of  the  thermo- 
pile. When  the  faces  of  the  pile  are  at  equal  temperatures,  the 
opposite  electro-motive  forces  are  equal,  and  destroy  one  another; 
when  the  temperatures  are  unequal,  the  pasitive  electro-motive  forces 
exceed  the  negative,  and  the  total  or  resultant  electro-motive  force 
is  the  measure  of  this  excess. 

540.  Explanation  of  the  term  Resistance. — When  the  current  of  a 
cu'cuit  is  taken  through  the  coil  of  a  galvanometer,  it  is  found  that, 
by  introducing  different  lengths  of  connecting  wire,  very  different 
amounts  of  deflection  can  be  obtained.  The  longer  the  wire  which 
connects  either  pole  of  the  battery  with  the  galvanometer,  the  smaller 
is  the  deflection ;  and  a  small  deflection  indicates  a  feeble  current 
The  current  is  in  like  manner  weakened  by  introducing  a  fine 
instead  of  a  stout  wire,  if  their  length  and  material  be  the  same,  or 
by  introducing  an  iron  wire  instead  of  a  copper  wire  of  the  same 

dimensions.  These  differ- 
ences in  the  properties  of  the 
different  wires  are  expressed 
by  saying  that  they  have 
different  resistancea 

The  apparatus  represent- 
ed in  Fig.  465  can  be  em- 
Kg.  4w.-compari«)n  of  ResiatancM.  ploycd  for  Comparing  resist- 

ances in  this  way.  The  cur- 
rent given  by  a  battery  P  passes  through  a  wire  to  the  galvanometer 
B,  and  after  traversing  its  coil  is  led  on  by  another  wire  to  the  cup 

'  If  any  sudden  falls  occur,  it  is  the  algebraic  sum  (that  is  the  ezc^s  of  sadden  nses 
above  sudden  falls)  that  is  to  be  here  understood. 


EXPERIMENTAL  PROOFS.  667 

of  mercury  a,  theace  through  the  connecting  wire  m  to  the  other  cup 
of  mercury  h,  iind  back  to  the  battery  through  another  wire.  The 
circuit  can  also  be  completed  as  shown  in  the  figure,  witliout  passing 
through  771,  by  means  of  a  broad  conducting  plate  whose  resistance 
may  be  neglected. 

In  changing  the  wire  m,  it  is  found  that,  to  produce  no  change  in 
the  deflection,  the  length  of  the  wire  must  vary  directly  as  its  cross- 
section;  that  is  to  say,  if  I,  I',  I"  ....  be  the  lengths  of  different 
wires  employed,  and  ass"....  their  sectional  areas,  their  resist- 
ances will  be  equal,  if 


This  is  OQ  the  supposition  that  the  wires  are  all  of  precisely  the  same 
material  Every  substance  has  its  own  specific  resistance,  the  recip- 
rocal of  which  is  its  electrical  conductivity  and  is  precisely  analogous 

to  thermal  conductivity.    Denoting  specific  resistances  by  r,  r',  r" 

the  condition  of  equal  resistances,  when  the  materiab  are  different,  is 


and  the  resistance  of  any  wire  is  expressed  by  the  fonnula  y,  I 
denoting  its  length,  s  its  sectional  area,  and  r  the  speciBc  resistance 
of  its  material. 

541.  Experimental  Proofs  of  Oliin's  Law. — Pouillet,  who  conducted 
numerous  experiments 
bearing  on  Ohm's  law, 
investigated  the  con- 
nection between  cur- 
rente  and  resistances  in 
the  following  ways; — 

1.  For  thei-mo  electric 
currents,  he  employed 
two  thermo-electric  ele- 
ments, each   consisting 

of    a    stout    cylinder    of  FIj.  ««.— FonUW*  Compurtooii. 

bismuth  with  its  ends 

bent  down  and  soldered  to  copper  wires.  The  two  elements  were 
arranged  side  by  side  aa  in  Fig.  466,  and  the  junctions  at  one  end 
were  immetfied  in  hot  water,  those  at  the  other  end  being  kept  in 
melting  ice.  ■   The  hot  and  cold  junctions  of  the  one  were  connected 


668  OHMS   LAW. 

by  a  wire  which  was  carried  round  a  galvanometer  needle  Those 
of  the  other  were  connected  by  a  wire  ten  times  as  long,  which  made 
ten  times  as  many  turns  round  the  same  needle  in  the  opposite  direc- 
tion, so  that  the  two  currents  opposed  each  other  in  their  action  on 
the  needle.  It  was  found  that  the  needle  remained  at  zero,  showing 
that  the  current  in  the  short  wire  was  ten  times  as  strong  as  the 
other,  for  one  of  its  convolutions  was  able  to  balance  ten  convolutions 
of  the  other.  As  the  resistance  in  the  stout  bars  of  bismuth  was 
inappreciable,  it  followed  that  the  currents  in  the  two  circuits  were 
inversely  as  the  resistances. 

2.  F(yr  voltaic  currents,  he  first  sent  the  current  of  a  battery  through 
a  galvanometer  without'  any  interposed  resistance,  and  observed  tlie 
strength  of  current  C.  He  then  introduced,  successively,  known 
lengths  of  uniform  wire  ^,  l^,  ^3,  and  observed  the  currents  obtained. 
Denoting  these  by  Ci,  C2,  C3,  and  taking  x  to  denote  the  length  of  wire 
which  would  be  equivalent  to  the  unknown  resistance  of  the  original 
circuit  consisting  only  of  the  battery  and  the  galvanometer,  we  should 
have — 

c    __  aj  +  Z ,  c    _  x  +  l^         c    __  «+^» 

From  any  one  of  these  three  equations  x  can  be  determined,  and 
Ohm's  law  is  verified  if  they  all  give  the  same  value  of  x.  This 
Pouillet  found  to  be  the  case. 

By  repeating  the  experiment  with  a  different  kind  of  wire,  a  new 
value  of  X  will  be  obtained,  and  thus  the  resistances  of  equal  lengths 
of  the  two  wires  can  be  compared. 

542.  Beduced  Length:  Total  Resistance  of  Circuit. — To  express,  in 
terms  of  the  equivalent  length  of  one  wire,  the  resistance  of  a  circuit 
composed  of  several,  we  can  employ  the  relation  (§  540) 

rl      r'V  ,  1        8    /   ,/ 

-=Y-  ;  whence  f  =  ^-  f, 

I  denoting  the  length  of  one  kind  of  wire  equivalent  to  the  length  f 
of  the  other.  The  length  I  is  called  the  reduced  length  of  the  wire 
whose  actual  length  is  l\ 

543.  Bheostat. — Wheatstone's  rheostat  is  a  very  convenient  instru- 
ment for  the  comparison  of  resistances.  It  consists  (Fig.  467)  of  two 
cylinders,  one  of  brass,  and  the  other  of  non-conducting  material,  so 
arranged  that  a  copper  wire  can  be  wound  off  the  one  on  to  the  other 
by  turning  a  handle.     The  surface  of  the  non-conducting  cylinder  B 
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has  a  screw-thread  cub  iu  it,  for  its  whole  lengtli,  in  which  the  wire 
lies,  80  that  ita  successive  convolutioQS  are  well  insulated  from  etich 
other.    Two  biading-screws  are  provided  for  introducing  the  rheostat 
into  a  circuit ;  and  the  resistance  which  is  thus  introduced  depends 
on  the  length  of  wire  which 
is  wrapped  upon   the   non- 
conducting cylinder,  for  the 
brass  cylinder  A  has  so  large 
a  section  that  its  resistance 
may     be     neglected.      The 
amount    of   resistance    can 
thus  be  varied  as  gradually 
as  we  please  by  winding  on 
and  off.     The  handle  can  be 
shifted  from  one  cylinder  to 
the  other.     The  figure  shows  it  in  the  position  for  winding  wire  off 
A  on  to  B.    The  number  of  convolutions  of  wire  on  B  can  be  read  off 
on  a  graduated  bar  provided  for  the  purpose,  and  parts  of  a  revolu- 
tion are  indicated  on  a  circle  at  one  end. 

Fig.  468  represents  a  very  direct  mode  of  measuring  reaistancefe 
by  the  rheostat.  The  current  traverses  a  galvanometer  B,  a  rheostat  R, 
and  the  conductor  m,  whose  resistance  ia  to  be  measured,  the  whole 
of  the  wire  of  the  rheostat 
being  wound  on  the  brass 
cylinder.  The  deflection 
of  the  galvanometer  hav- 
ing been  observed,  the  , 
conductor  m.  is  taken  out 
of  circuit,  the  two  wires 
at  a  and  b  are  directly 
connected,  and  as  much 
of   the   rheostat   wire   is 

brought  into  circuit  as  suffices  to  reduce  the  deflection  to  its  former 
amount. 

543a.  Specific  Besistanoee  and  Condoctivities. — Numerous  experi- 
menters have  compared  the  specific  resbtances  of  the  different  metals. 
Though  the  results  thus  obtained  exhibit  some  diversity,  they  all 
agree  in  making  silver,  gold,  and  copper  the  three  best  conductors. 
Slight  impurities,  especi^y  in  the  case  of  copper,  have  a  very  great 
effect  in 'diminishing  conductivity,  or,  in  other  words,  in  increasing 
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resistance.  Resistance  is  also  increased,  in  the  case  of  metals,  by 
increase  of  temperature. 

Forbes  has  pointed  out  that  the  order  of  the  metals  as  regards  their 
conductivity  for  heat  is  the  same  as  for  electricity.  The  effects  of 
impurity  and  of  change  of  temperature  are  also  alike  in  the  two 
cases,  as  has  been  recently  shown  by  Professor  Tait 

The  following  are  R  BecquereFs  determinations  of  specific  elec- 
trical resistance  at  the  temperature  IS''  C,  the  resistance  of  silver  at 
0°  G  being  denoted  by  100:  — 

Specific  Rbsistancbb  at  15^  G. 


Silver, 107 

Copper, 112 

Gold,     .     .     .    ■ 156 

Cadmium, 407 

Zinc, 414 

Tin 734 


Palkdium, 715 

Iron, 825 

Lead,         1213 

Platinum, 1243 

Mercury, 5550 


On  comparing  this  list  with  the  list  of  thermal  conductivities,  §  333, 
it  will  be  observed  that  the  order  is  precisely  the  same  as  far  as  the 
comparison  extends,  and  that  the  numerical  values  are  nearly  in 
inverse  proportion,  showing  that  electrical  and  thermal  conductivl' 

ties  are  nearly  in  direct  proportion. 

644.  Resistance  of  Liquids. — ^The  resistance 
of  liquids  can  be  determined  on  similar  prin- 
ciples, the  current  being  transmitted  between 
two  parallel  plates  of  metal  immersed  in  the 
liquid.  One  form  of  apparatus  for  this  pur- 
pose is  represented  in  Fig.  469.  Care  must 
be  taken  to  employ  metals  which  will  not 
give  rise  to  electro-motive  force  by  chemical 
action. 

The  resistance  even  of  the  best  conducting 

liquids,  except  mercury,  is  enormously  greater 

than  that  of  metals.     For  instance,  in  round 

numbers,  the  resistance  of  dilute  sulphuric 

acid  is  a  million  times,  and  that  of  solution 

of  sulphate  of  copper  ten  million  times  greater  than  that  of  pure 

silver.    The  resistance  of  pure  water  is  very  much  greater  than  either 

of  these. 

In  the  cells  of  a  galvanic  battery,  the  current  has  to  traverse  liqaid 
conductors,  and  the  resistance  of  these  is  sometimes  a  large  pai-t  of 


Fig.  460. — Retiatanoe  of  Liquids. 
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the  whole  resistance  in  circuit.  It  is  diminished  by  bringing  the 
plates  nearer  together,  and  by  increasing  their  size,  since  the  former 
change  involves  diminution  of  length,  and  the  latter  increase  of 
sectional  area  in  the  liquid  conductor  to  be  traversed.  This  is  the 
only  advantage  of  large  plates  over  small  ones,  the  electro-motive 
force  being  the  same  for  both.  The  advantage  of  the  double  coppers 
in  WoUastons  battery  (§515)  is  similarly  explained,  the  resistance 
with  this  arrangement  being  about  half  what  it  would  be  with  copper 
on  only  one  side  of  the  zinc,  at  the  same  distance 

545.  Calibration  of  Galvanometer  by  the  Bheostat. — The  rheostat 
can  be  employed  for  determining  the  relative  values  of  the  deflec- 
tions of  a  galvanometer.  For  this  purpose  the  two  instruments  are 
to  be  introduced  into  the  circuit  of  a  battery,  and  in  the  first  instance 
all  the  wire  of  the  rheostat  is  to  be  on  the  non-conducting  cylinder. 
The  deflection,  which  will  then  be  comparatively  small,  is  to  be  noted. 
Successive  lengths  of  the  rheostat  wire  are  then  to  be  wound  ofi*,  so 
as  to  diminish  the  resistance,  and  the  deflections  are  to  be  noted  in 
each  case.  If  the  current,  when  the  whole  length  I  of  rheostat  wire 
was  in  circuit,  be  denoted  by  C,  and  the  currents  with  lengths  lil^-  . 
in  circuit  by  Cj  C  j  .  .  .  ,  and  if  r  denote  the  resistance  of  the  battery 
and  galvanometer,  which  can  be  determined  by  methods  already 
explained,  we  shall  have 


C        r  +  Zj         C        r  +  Z, 


•  .  .  •  • 


Hence  the  ratios  of  the  currents  C,'  C,,  C,  .  .  .  corresponding  to  the 
observed  deflections  are  known. 

546.  Arrangement  of  Cells  in  Battery. — Suppose  that  we  have  a 
number  n  of  precisely  similar  cells,  each  having  electro-motive  force  e 
and  resistance  r,  and  that  we  connect  them  in  a  series,  as  in  Figa 
434,  446,  with  a  conductor  of  resistance  R  joining  their  poles.  The 
whole  electro-motive  force  in  the  circuit  will  then  be  ne,  and  the 
whole  resistance  will  be  iir-f-R;  hence  the  strength  of  current 
will  be 

wr  +  R 

This  formula  shows  that,  if  the  external  resistance  R  is  much  greater 
than  the  resistance  in  the  battery  nr,  any  change  in  the  number  of 
cells  will  produce  a  nearly  proportional  change  in  the  current;  but 
that  when  the  external  resistance  is  much  less  than  that  of  one  cell, 
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as  18  the  caae  when  the  poles  are  connected  by  a  short  thick  wire,  & 
change  in  the  number  of  cells  affects  numerator  and  denominator 
almost  alike,  and  produces  uo  sensible  change  in  the  current  It  is 
impossible,  by  connecting  any  number  of  similar  cells  in  a  aerUg,  to 
obtain  a  current  exceeding  — ,  which  is  precisely  the  current  which 
one  of  the  cells  would  give  alone  if  its  plates  were  well  connected 
by  a  short  thick  wire. 

It  is  possible,  however,  by  a  different  arrangement  of  the  cells,  to 
obtain  a  current  about  n  times  stronger  than  this,  natnelj,  by  con- 


necting all  the  zinc  plates  to  one  end  of  a  conductor,  and  all  the 
carbons  or  coppers  to  the  other  end,  as  in  Fig.  470.  In  the  arrange- 
ment of  three  cells  here  figured,  the  current  which  passes  through  the 
spiral  connecting  wire  is  the  sum  of  the  currents  which  the  three  cells 
would  give  separately.  The  arrangement  is  equivalent  to  a  sin^e 
cell  with  plates  three  times  as  large  superficially,  and  at  the  same 
distance  apart.  The  electro- motive  force  with  n  cells  so  arranged  is 
simply  e,  but  the  I'esistance  is  only  —  -f  R,  so  that  the  current  is 


This  system  of  arrangement  may  be  called  arranging  the  cells  aa 
one  element.  It  has  sometimes  been  called  the  arrangement  /or 
quantity,  the  arrangement  in  a  series  being  called  the  arrangement 
foi-  intensity. 

If  in  Fig.  470  we  substitute  for  each  of  the  three  cells  a  aeries 
consbting  of  four  cells,  the  electro- motive  force  in  circuit  will  be  4  e, 
and  the  resistance  in  circuit  will  be  y+R,  for  each  series  faas  a 
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resistance  of  4  r,  and  three  parallel  series  connected  at  the  ends  are 
equivalent  to  a  single  series,  of  the  same  electro-motive  force  as  one 
of  the  component  series,  and  of  one-third  the  resistance.  The  current 
v/ill  therefore  be 

4e  12e  e 


0  = 


3  8      4 


The  question  often  arises,  What  is  the  best  manner  of  grouping  a 
given  number  of  cells  in  order  to  give  the  strongest  possible  current 
through  a  given  external  conductor?  The  answer  is,  they  should  be 
80  grouped  that  the  internal  and  external  resistance  should  be  as 
nearly  as  possible  equal;  for  example,  if  we  have  12  cells  as  above, 

•     4 

and  the  resistance  R  in  the  given  conductor  is  g-  of  the  resistance  of 

one  of  these  cells,  the  arrangement  just  described  is  the  best.^ 

547.  Divided  Circuits. — When  two  or  more  wires  are  connected  in 
line,  that  is  so  as  to  form  one  continuous  wire,  the  resistance  of  the 
whole  is  the  sum  of  the  resistances  of  the  wires  composing  it 

On  the  other  hand,  when  two  or  more  wires  are  arranged  side  by 
side,  and  connected  at  each  end,  so  as  to  constitute  so  many  indepen- 
dent channels  of  communication  between  the  ends,  the  joint  resist- 
ance is  evidently  less  than  the  resistance  of  any  one  of  the  wires. 
When  such  an  arrangement  occurs  in  any  part  of  a  circuit,  the  circuit 
is  said  to  be  divided.  If  the  several  wires  are  of  the  same  length 
and  material,  they  act  as  one  wire  having  a  section  equal  to  the  sum 
of  their  sections,  and  the  joint  resistance  is  the  quotient  of  the  resist- 
ance of  one  of  the  wires  by  the  number  of  wires.  More  generally, 
if  the  reciprocal  of  the  resistance  of  a  conductor  be  called  its  con- 
ducting power,  the  conductiTig  power  of  a  system,  of  wires  thus  con- 
nected at  both  ends  is  the  sum  of  the  conducting  'powers  of  the 
several  wires  which  compose  it  Thus,  in  Fig.  471,  if  r„  r,' denote 
the  resistances  of  the  wires  ach,  adb,  their  joint  resistance  R  will 
be  given  by  the  equation 

^  Instead  of  3  and  4,  pat  x  for  the  number  of  series,  and  y  for  the  number  of  cells  in  a 

aeries.    Then  the  current  will  be  r      Kt  u^<i  will  vary  inversely  as  ~  +  — .   Now  the  pro- 

— +  —  X      y 

X     y 

duct  of  —  and  —  is  given,  being  the  quotient  of  r  R  by  the  whole  number  of  cells ;  and  when 
X  y 

the  product  of  two  variables  is  given,  their  sum  is  least  when  they  are  equal,  and  increases 
as  they  are  made  more  and  more  unequal.  As  x  and  y  must  be  integers,  exact  equality 
cannot  generally  be  obtained.  , 

44 
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547  a.  Wbeatstone's  Bridge. — In  any  wire  through  which  &  cnirent 
b  flowing  steadily,  without  leaka^  or  lateral  offshoots,  the  amount 
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of  the  current  is  equal  to  the  difference  of  potential  between  (keends 
of  the  wire,  divided  by  the  resistance  of  the  wire,  the  units  employed 
being  the  same  as  those  which  make  C  =  ^  for  the  whole  circuit 
The  same  thing  is  true  for  any  portion  of  the  length  of  such  a  wire, 
and,  still  more  generally,  for  any  portion  of  a  circuit,  whether  single 
or  divided,  terminated  by  equipotential  cross-sections,  provided  that 
no  source  of  eleetro-motive  force  occurs  in  it.  It  follows  that,  in 
travelling  along  such  a  wire  with  the  current,  the  fall  of  potentj^  is 
proportional  to  the  resistance  travelled  over,  or  equal  falls  of  poten- 
tial occur  in  traversing  equal  resistances.  This  rule  does  not  apply 
to  the  oompanson  of  the  two  independent  channels  of  a  divided  cir- 
cuit, unless  equal  currents  are  passing  through  them.  It  applies  to 
the  comparison  of  any  two  wires  which  are  conveying  equal  cun'ents, 
and  it  is  not  applicable  to  the  comparison  even  of  different  portions 
of  the  same  wire  if,  owing  to  leakage,  the  current  is  unequal  at  dif- 
ferent parts  of  its  length. 

Equality  of  potential  in  two  points  of  a  divided  circuit  can  be 
tested  by  observing  whether,  when  they  are  connected  by  a  cross- 
channel,  any  current  passes  between  them.  This  principle  has  been 
applied  by  Wheatstone,  Thomson,  and  others,  to  the  measurement  of 
resistances,  and  the  apparatus  employed  for  the  pm^Kise  is  generally 
known  as  Wheatstone'a  bridge.  It  is  typically  represented  in  Fig, 
471a. 

The  poles  P,  N  of  a  battery  are  connected  by  two  independent 


wheatstone's  bridge.  675 

channels  of  communication  A  C  B,  A  D  J  E  B.  The  former  is  a  uniform 
wire;  the  latter  consists  of  the  wire  D,  whose  resistance  is  to  be  deter- 
mined, and  of  a  standard  resistance-coil  R  The  observation  has  for 
its  immediate  object  to  find  what 
point  in  the  uniform  wire  AB  has 
the  same  potential  as  the  junction 
J  of  the  other  two.  When  this 
point  C  is  found,  and  connected 
with  J  through  a  galvanometer  G, 
no  current  will  pass  across,  and 

the  needle  of  the  galvanometer  Fig.47iA.-wheat»tontf.Bridga 

will  not  move.     If  a  point  Ci  on 

the  positive  side  of  C  were  connected  with  J,  a  current  would  run 
from  Ci  to  J,  and  if  a  point  Cj  on  the  negative  side  were  connected, 
the  current  would  be  from  J  to  Cj.  The  deflection  diminishes  as 
the  right  point  C  is  approached,  and  becomes  reversed  in  passing 
it  When  it  is  found,  we  know  that  the  resistances  in  AC  and  CB 
have  the  same  ratio  as  those  of  D  and  E,  each  of  those  ratios  being 
in  fact  equal  to  the  fall  of  potential  between  A  and  JC  divided  by 
the  fall  between  JC  and  B.  As  the  resistance  of  E  is  known,  and 
the  resistances  of  AC,  CB  are  as  their  lengths,  which  are  indicated 
on  a  divided  scale,  the  resistance  of  D  can  be  computed  by  simple 
proportion. 

In  Wheatstone's  original  arrangement,  the  resistances  of  the 
two  portions  AC,  CB  were  equal,  and  the  resistances  of  the  other 
two  portions  AD  J,  JEB  were  made  equal  by  the  help  of  a 
rheostat. 

647  b.  Difference  of  Potential  of  Poles  of  a  Battery. — We  have  already 
stated  that,  when  the  poles  of  a  battery  are  not  connected,  the  dif- 
ference of  their  potentials  is  a  measure  of  the  electro-motive  force  of 
the  battery.  On  connecting  them,  this  difference  will  be  diminished, 
the  diminution  being  greater  as  the  resistance  of  the  connecting  wire 
is  less.  In  fact,  if  the  original  difference  of  potential  be  divided  into 
two  parts,  in  the  ratio  of  the  external  to  the  internal  resistance,  the 
first  of  these  parts  will  be  the  fall  of  potential  in  the  connecting  wire 
(in  other  words,  the  difference  of  potential  between  the  poles),  and 
the  second  part  will  be  the  sum  of  the  falls  which  occur  in  the  liquids 
of  the  battery. 

The  annexed  diagram  (Fig.  471  b)  represents  the  potentials  in  the 
different  parts  of  a  circuit  consisting  of  a  battery  of  four  cells  arranged 
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as  in  Fig.  434,  with  its  poles  connected  by  a  long  wire  whose  resist- 
ance is  double  that  of  the  battery. 
The  base-line  AC  represents  the  total  resistance  in  circuit,  AB 


r-^ 


Fig.  471 B.— Carve  of  Potenti&l  for  Closed  Cirouit. 


being  the  resistance  of  the  battery,  and  BC  that  of  the  connecting 
wire.  We  suppose  the  negative  pole  to  be  connected  with  the  earth 
(which  will  not  aflfect  the  current),  so  that  its  potential  is  zero.  If 
any  other  part  of  the  circuit  be  connected  with  the  earth  instead  of 
this,  the  potentials  here  indicated  must  all  be  diminished  by  a  con- 
stant quantity. 

The  potential  rises  suddenly  in  passing  from  the  first  zinc  to  the 
acid  in  contact  with  it.  Thence  it  falls  gradually  to  the  copper, 
which  may  be  regarded  as  having  the  same  potential  with  the  part 
of  the  acid  in  contact  with  it,  and  also  with  the  zinc  of  the  second 
cell  which  is  in  metallic  connection  with  ii  These  two  suppositions 
are  probably  not  quite  correct,  as  there  is  reason  to  believe  that  some 
.difference  of  potential  always  exists  between  dissimilar  subst^ices 
in  contact,  but  for  our  present  purpose  these  small  differences  maybe 
neglected.  Similar  changes  of  potential  occur  in  travelling  through 
the  other  cells,  and  in  each  instance  the  gradual  fall  is  one-third  of 
the  sudden  rise  (if  the  internal  resistance  of  the  battery  be  half  the 
external).  The  distribution  of  potential  may  be  stated  in  tabular 
form  as  follows,  the  electro-motive  force  of  each  cell  T>eing  called  3 : — 


t  Zinc, 
let  cell '  Acid,     . 

(  Copper, . 

I  Zinc, 
2d  ceU  I  Acid,     . 

(  Copper, 


FotentiaL 

PotentuiL 

.     .     0 

I  Zinc,      .... 

.     4 

.     .     8to2 

8d  cell  j  Acid,     .     .     . 

.     7to6 

.     .     2 

(  Copper,      .     . 

.     6 

.     .     2 

( Zinc,      .... 

.     6 

.     .     5  to  4 

4thcellJAcid,     .... 

.     9to8 

.     .     4 

( Copper,      .     . 

.     8 

Connecting  wire,     .... 

8toO 
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AD  or  twelve  represents  the  whole  electro-motive  force  of  the  battery ; 
and  if  the  external  resistance  were  infinite,  or  if  the  poles  were  dis- 
connected, the  sloping  lines  marked  3,2  ;  6,4  ;  7,6  ;  9,8 ;  would  not  be 
sloping  but  horizontal,  and  would  have  to  be  marked  3,3  ;  6,6  ;  9,9  ; 
12,12. 

547  c.  Measurement  of  Besistance  of  Battery. — ^The  resistance  of  a 
battery  may  be  measured  in  various  ways,  of  which  we  shall  only 
describe  one. 

Let  the  poles  pf  the  battery  be  directly  connected  with  a  galvano- 
meter whose  resistance  is  either  very  small  or  accurately  known,  and 
let  the  deflection  be  noted.  Then  let  a  wire  of  known  resistance  be 
introduced  into  the  circuit,  and  the  deflection  again  noted.  The  two 
currents  thus  measured  will  be  inversely  as  the  resistances,  since  the 
electro-motive  force  is  the  same  in  both  cases.  Let  the  resistance  of 
the  galvanometer  coil  be  denoted  by  G,  that  of  the  wire  introduced 
in  the  second  case  by  W,  and  that  of  the  battery  by  ic    Then  if  the 

O  «  4-  C   -4-  W 

amounts  of  current  be  denoted  by  Ci,  Ca,  we  have  ^*  =  — ^^^fTQ —  5 

whence  x  can  be  determined. 

548.  Choice  of  Galvanometer. — ^The  circumstances  which  should 
influence  the  choice  of  a  galvanometer  coil  for  a  particular  purpose, 
will  now  be  intelligible.  If  stout  wire  is  employed,  the  resistance  is 
small,  but  it  is  not  practicable  to  multiply  convolutions  to  any  great 
extent  Short  coils  of  thick  wire  are  accordingly  employed  in  con- 
nection with  thermo-piles,  the  resistance  in  the  pile  itself  being  so 
small  that  the  total  resistance  in  circuit  is  nearly  proportional  to  the 
number  of  convolutions. 

When,  on  the  other  hand,  the  resistance  in  the  other  parts  of  the 
circuit  is  very  considerable,  the  resistance  of  the  galvanometer  coil 
becomes  comparatively  immaterial,  so  that,  within  moderate  limits, 
the  deflection  of  the  needle  is  nearly  proportional  to  the  number  of 
convolutions,  and  a  coil  composed  of  a  great  length  of  wire  will  give 
the  maximum  eflect 

Jn  both  cases,  for  a  given  length  and  diameter  of  wire,  the  sen- 
sibility increases  with  the  conductivity  of  the  metal  composing  the 
wire.  Copper  is  the  metal  universally  employed,  and  its  purity  is 
of  immense  importance  for  purposes  of  delicacy,  as  impurities  often 
increase  its  resistance  by  50  or  even  100  per  cent. 

549.  Measurement  of  Electro-motive  Force. — The  most  direct  mode 
of  comparing  the  electro-motive  forces  of  cells  of  different  kinds,  would 
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be  to  observe  bow  many  cells  of  the  one  kiDd  arranged  in  series  must 
be  opposed  to  a  given  number  of  the  otber  kind,  in  order  that  the 
resultant  electro-motive  force  may  be  nil  as  indicated  by  the  absence 
of  deflection  in  a  galvanometer  forming  part  of  the  circuit  For 
eitainpie,  if  two  Daniell's  cells  and  one  Grove's  cell  be  connected  with 
each  otber  and  with  a  galvanometer,  in  such  a  manner  that  the  cur- 
rent due  to  the  Daniell  is  in  one  direction,  and  that  due  to  the  Grove 
is  in  the  opposite  direction,  the  current  actually  produced  will  be  in 
the  direction  of  the  greater  electro-motive  force.  It  will  thus  be 
shown  whether  the  electro- motive  force  of  a  Grove's  cell  is  more  or 
less  than  double  that  of  a  Daniell'a  This  method  has  not  been  much 
used. 

Another  method  of  comparison  consists  in  first  connecting  the  two 
cells  to  be  compared,  so  that  their  electro- motive  forces  tend  the  same 
way,  and  then  again  connecting  them,  so  that  they  tend  opposite 
ways,  the  resulting  current  being  observed  in  both  eases  with  the 
same  galvanometer.  The  resistanoe  in  circuit  is  the  same  in  both 
cases,  being  the  resistance  of  the  galvanometer  plus  the  sum  of  the 
resistances  ■  of  the  cells;  hence  the  currents  will  be  simply  as  the 
electro-motive  forces,  that  is  to  say,  as  Ej+Ej  to  E,— Ej,  if  E,  and 
Ej  denote  the  electro-motive  forces  of  the  cells.  Hence  the  ratio  of 
Ej  to  Ej  is  easily  computed. 

Another  method,  which  baa  been  employed  by  Jules  Regnault,  is 


Fig.  tT! JuIh  Regunlt'i  AppumtnL 


illustrated  by  Fig.  472.     It  consists  in  balancing  the  electjro-motive 
force  of  the  cell  P  which  is  to  be  tested,  by  that  of  a  series  of  thermo- 
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electric  elements,  tlie  number  of  which  can  be  varied  at  pleasure. 
A  is  a  thermo-electric  pile,  consisting  of  sixty  elements  of  bismuth 
and  copper,  with  their  opposite  junctions  maintained  at  0°  and  100°C. 
Any  number  of  these  can  be  included  in  the  circuit  by  moving  the 
slider  a,  and  the  direction  of  the  current  which  they  tend  to  produce 
is  opposite  to  that  due  to  the  cell  P.  As  sixty  thermo-electric  ele- 
ments would  not  be  enough  to  balance  one  ordinary  ceU,  some 
auxiliary  .cells  o  o  of  feeble  electro-motive  force,  which  has  been  pre- 
viously determined,  are  employed  to  assist  in  opposing  the  cell  P. 
It  has  thus  been  found  that  one  Daniell's  cell  has  the  electro-motive 
force  of  about  174  of  these  thermo-electric  elements. 

Electro-motive  force  may  also  be  measured  statically  by  means  of 
Thomson's  quadrant  electrometer,  the  poles  of  the  battery  being 
connected  with  the  twd  chief  electrodes  of  the  instrument,  in  which 
arrangement  no  current  will  pass,  and  the  electro-motive  force  will 
be  directly  indicated  by  the  difference  of  potential  observed 

According  to  Latimer  Clark,  the  electro-motive  forces  of  ^a  cell  of 
Grove,  Bunsen,  Daniell,  and  WoUaston  are  approximately  as  100,  98, 
56,  and  46;  but  the  last  of  these,  being  a  one-fluid  battery,  is  liable 
to  fall  off  50  per  cent  or  more,  owing  to  the  deposition  of  hydrogen 
on  the  copper  plate. 
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661.  Heanin;  of  EleotTO-dycamioB. — A  wire  through  which  a  cur- 
rent is  pasaing,  is  fouad  to  be  capable  of  producing  movemenU  in 
other  wires  also  conveying  currents.  The  theory  of  these  move- 
ments, or  moregenerally,  of  (/temecAanicai  actions  of  currents  apon 
one  another,  constitutes  a  distinct  branch  of  electrical  science,  and  is 
called  electro-dynamica.  It  stands  in  very  close  relation  to  electro-  ■ 
oiaguetiani ;  and  if  the  laws  of  either  of  the  two  sciences  are  given, 
those  of  the  other  may  he  deduced  as  consequences. 

The  science  of  electro-dynattica  was  founded  bj  Ampere.     Figa 
473,  474  represent  an  arrangement  which  he  devised  for  renderiBg 
a  conductor  movable  with- 
out interruption  of  the  cnr- 
rent  conveyed  by  it 

A  wire  is  bent  into  the 
form  of  a  nearly  complete 
rectangle,  and  its  two  ends 
terminate  in  points,  one 
above  the  other,  so  arranged 
that  a  vertical  through  the 
;;  centre     of    gravity     passes 

"  through    them    both.     Ac- 

cordingly, if  either  or  both 

Flg.t7S.-Amp6«-i8UiLd.  .    ^     L  ^  J 

ot  toese  points  be  supported, 
the  wire  can  turn  freely  about  this  vertical  as  axis.  The  pointe 
dip  into  two  small  metallic  cups  x  y  containing  mwcury,  and  the 
weight  is  usually  borne  by  the  upper  point  alone,  which  touches 
the  bottom  of  its  cup  The  cups  are  attached  to  two  horizontal 
arms  of  metal,  supported    on  metallic  pillars,  which  can  be  con- 
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mag- 


Fig.  474.— Action  of  Magnet  on  Movable 
Circuit. 


nected  with  the  two  terminals  of  a  battery.  The  wire  thus  forms 
part  of  the  circuit,  the  current  being  down  one  side  of  the  rectangle 
and  up  the  other.  Instead  of 
the  rectangular  the  circular 
form  may  be  employed,  as  in 
Fig.  475. 

If  a  magnet  be  placed  be- 
neath, as  in  Fig.  474,  the  wire 
frame  will  set  its  plane  perpen- 
dicular to  the  length  of  the 
magnet,  the  relatiye  position 
assumed  being  the  same  as  if 
the  wire  frame  were  fixed,  and 
the  magnet  freely  suspended, 
if  we  neglect  the  disturbing 
effect  of  the  earth's 
netism. 

562.  Mutual  ForceB  between  Conductors  conveying  Currents. — The 
following  elementary  laws,  regarding  the  mutual  forces  exerted  be- 
tween conductors  through  which  currents  are  pass- 
ing, were  established  by  Ampfere.  For  brevitj'  of 
expression,  it  is  usual  to  speak,  in  this  sense,  of  the 
rmUual  forces  between  currents,  or  of  the  mutual 
mechanical  action  of  currents, 

I.  Successive  portions  of  the  same  rectilinear 
current  repel  one  another} 

This  is  proved  by  the  aid  of  two  troughs  of  mer- 
cury separated  by  a  partition  (Fig.  476).  A  var- 
nished wire  is  bent  into  such  a  form  that  two  portions  of  it  can  float 
on  the  surface  of  the  mercury  in  the  two  troughs,  while  connected 
with  each  other  by  an  arc  passing 
over  the  partition.  The  only  por- 
tions without  varnish  are  the  ends. 
When  the  terminals  of  a  battery  are 
inserted  in  the  mercury,  opposite 
the  ends,  as  shown  in  the  figure, 
the  circuit  is  completed  through  the  wire,  and  repulsion  is  exhibited, 
the  wire  moving  away  to  the  further  end  of  the  vessel. 

^  This  first  law  is  not  universally  accepted,  and  can  scarcely  be  regarded  as  resting  on 
the  same  sure  foundation  as  the  rest. 


Fig.  475. 


Fig.  476.~RepiilBion  of  SaooeBaive  Fortiona. 
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II.  Parallel  cui^rents,  if  in  the  same  direction,  aMract,  and  if  in 
the  opposite  direction,  repel  each  other. 

The  apparatus  employed  for  demonstrating  this  twofold  proposi- 
tion, consists  of  two  metallic  pillars  t,  v  (Fig.  477),  which  are  respec- 
tively connected  at  their  upper  ends  with  the  two  cups  of  mercury  x,  y. 
The  rectangular  conductor  abode  is  suspended  with  its  terminal 
points  in  these  cups  so  as  to  complete  the  circuit  between  the  pillars. 
When  the  cun*ent  is  passed,  this  movable  conductor  always  places 


Fig.  477.~Atti«otiDn  of  Panllel  OurrentB. 


Fig.  4T8.— Appantoa  for  Rt^oliioa. 


itself  SO  that  its  plane  coincides  with  that  of  the  two  pillars^  and  so 
that  currents  in  the  same  direction  in  the  pillars  and  in  the  wire  are 
next  each  other,  as  shown  in  the  figure. 

For  establishing  repulsion,  a  slightly  different  form  of  wire  k 
employed,  which  is  represented  in  Fig.  4}78.  When  this  is  hung  from 
the  cups,  in  the  position  which  the  figure  indicates,  the  currents  in 
the  pillars  are  in  opposite  directions  to  those  in  the  neighbouring 
portions  of  the  movable  conductor,  and  the  latter  accordingly  turns 
away  until  it  is  stopped  by  the  collision  of  the  wii*es  above. 

III.  Currents  whose  directions  are  inclined  to  each  otlter  at  any 
angle,  attract  each  other  if  they  both  flow  towards  the  vertex  of  titf 
angled  or  if  tltey  both  flow  from  it,  and  repel  each  other  if  one  of 
them  flows  towards  the  angle,  and  the  other  from  it 

A  consequence  of  this  law  is  that  two  currents,  as  A B,  DC  (Fig. 
479),  crossing  one  another  near  0  in  different  planes,  tend  to  set 
themselves  parallel,  and  so  that  their  directions  shall  be  the  same. 


'  If  the  currents  are  not  in  the  same  plane,  we  must  substitute  the  feet  of  their  common 
perpendicular  for  the  vertex  of  the  angle,  in  the  enunciation  of  this  law. 
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For  there  is  attraction  between  the  portions  A  0  and  D  0,  and  also 
between  the  portions  OB  and  OC;  whereae  there  is  repulsion 
between  A  0  and  0  C,  and  between 
0  B  and  0  D.  Accordingly,  if  the 
movable  conductor  of  Fig.  477  or 
478  be  traversed  by  a  current,  and 
another  wire  carrying  a  current  be 
placed  horizontally  at  any  angle  un- 
derneath its  lower  side,  the  movable 
conductor  will   turn  on  its  point  of 

suspension  till  it  becomes  parallel  to         FJg,  *N.-T«id™oT  to  «t  p^iw. 
the  wire  below  it;  and  in  the  position 

of  stable  equilibrium  the  current  in  its  lower  side  will  have  the  same  . 
direction  as  that  in  the  influencing  wire. 

553.  Continnons  Rotation  produced  by  a  Circular  Current. — Suppose 
we  have  a  current  flowing  round  a  circle  (Fig.  480),  and  also  a  current 
flowing  along  OA,  which  is  approximately  a  radius  of  this  circle. 
First  let  the  current  in  OA  be  from  the 
centre  towards  the  circumference,  as  indi- 
cated in  the  figure.     Then,  by  law  III.,  OA 
is  attracted  on  one  side  and  repelled  on  the 
other,  both  forces  combining  to  make  OA 
sweep  round  the  circle  in  the  opposite  dii-ec- 
tion  to  that  in  which  the  circular  current  is 
flowing.     If  the  current  in  OA  were  from 
circumference  to  centre,  the  tendency  would 
be  for  0  A  to  sweep  round  the  circle  in  the 
same  direction  as  tiie  circular  current. 

The  reasoning  still  holds  if  0  A  is  in  a  plane  parallel  to  that  of  the 
circular  current,  0  being  a  point  on  the  axis  of  the  circle  and  the 
length  of  0  A  being  not  greater  than  the  radius. 

A  circular  current  may  also  produce  continuous  rotation  in  a  con- 
ductor parallel  to  the  axis  of  the  circle,  and  movable  round  that 
axis.     Fig,  481  represents  an  an-angement  for  obtaining  this  eflect, 

A  coil  of  wire  through  which  a  current  can  be  sent,  is  wound  round 
the  copper  basin  EF,  its  extremities  being  connected  with  the  bind- 
ing-screws m,  0.  From  the  centre  of  the  basin  rises  the  little 
metallic  pillar  A,  terminating  above  in  a  cup  containing  mercury. 
This  pillar  is  connected  with  the  binding-screw  n.  The  basin,  which 
is  connected  with  the  binding-screw  p,  contains  water  mixed  with  a 
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little  acid  to  improve  its  conducting  power,  and  a,  movable  conductor 
B  C  rests,  by  a  point,  on  the  bottom  of  the  cup  of  mercury,  while  its 
lowest  portion,  which  consists  of  a  light  hoop,  dips  in  the  acidulated 
water.     By  connecting  m  and  n  a  single  circuit  is  obtained,  of  which 


Fig.  4S1.— AppmtDi  for  CodUhuoiu  RoUtloi. 

o  and  p  are  the  terminals,  bo  that  if  o  is  connected  with  the  positive 
and  p  with  the  negative  pole  of  a  battery,  the  current  entering  at  o 
first  traverses  the  wire  coil,  then  ascends  the  pillar  A,  returns  down 
the  sides  B,  C  to  the  floating  ring  and  liquid,  and  so  escapes  to  p- 
As  soon  as  these  connections  have  been  completed,  the  movable  con- 
ductor commences  continuous  rotation  in  the  direction  opposite  to 
that  of  the  cuiTent  in  the  coiL 

If,  instead  of  connecting  m  and  n,  we  connect  n  and  o,  and  lead 
the  positive  wire  from  the  battery  to  p  and  the  negative  wire  to  o, 
the  course  of  the  current  will  be  from  p  to  the  acid,  thence  up  the 
sides  B,  G,  and  inwards  along  the  top  of  the  movable  conductor  to  the 
mercury  cup,  then  down  the  pillar  to  n,  thence  to  o,  and  through  the 
coil  from  o  to  m  in  the  same  direction  as  in  the  former  experiment; 
but  the  rotation  of  the  movable  conductor  will  now  occur  in  the 
opposite  direction  to  that  before  observed,  and  therefore  in  the  same 
direction  as  the  cun'ent. 

554.  Action  of  an  Indefinite'  Rectilinear  Current  npon  a  Finite  Cnr- 
rent  movable  around  one  Extremity. — A  finite  current  movable  about 
one  extremity  may  also  be  caused  to  rotate  continuously  about  this 
extremity  by  the  action  of  an  indefinite  rectilinear  current.  This  is 
cleai-ly  indicated  by  Fig.  482.     In  the  right-hand  diagram,  the  car- 


BOTATIOM   OF  HADIAL  CURKENT.  6S5 

rent  OA  flowing  outwai'ds  from  the  centre  of  motion  0,  and  acted 
on  by  the  indefinite  current  MN,  is  first  attracted  into  the  position 
OA',,    In  this  new  position  it  is  repelled  by  n  N,  and  attracted  by 
M  71.    It  is  thus  brought  successively  into  the  positions  0  A",  0  A'", 
OA''.      In   this  laatr 
mentioned       position, 
the  two  currents  being 
parallel  and  opposite, 
there  is  repulsion;  and 
after  passing  it,  there 
13  again  repulsion  on 
one  side  and  attraction 
on  the  other,  till  it  is 
carried   round    to   its 

first  position  0  A.     It  p^  «!._H„..ti™  of  s^  cuz«nt. 

is  thus  kept   in  con- 
tinual rotation.     If  the  movable  current  flows  inwards  to  the  centre 
of  motion  0,  as  in  the  left-hand  diagram,  while  the  direction  of  the 
indefinite  current  is  the  same  as  before,  the  direction  of  rotation  will 
be  reversed. 

5S5.  Action  of  an  Indeflnite  Bectilinear  Cnrrantoh  a  Finite  Current 
Ferpendicnlar  to  it. — Let  M  N,  in  the  upper  half  of  Fig.  483,  be  an 
indefinite  rectilinear  current,  and 
AB  a  portion  of  another  current 
either  in  the  same  or  in  any  other 
plane.  In  the  latter  case  let  D  C 
be  the  common  perpendicular. 
Then,  if  the  currents  have  the 
directions  represented  by  the  ar- 
rows, an  element  at  p  will  attract 
an  element  at  m  with  a  force 
which  we  may  represent  by  a  line 
m/';  and  an  element  at  j/ equal  to 
that  at  p  and  situated  at  the  same 

distance  from  C  on  the  other  side,        pig.  ua— Tmuution  Paniui to bdeanits 
will  repel  the  element  at  m  with  cnmai. 

an  eqUal  force,  represented  by  m/.  Constructing  the  parallelogram 
of  forces,  the  resultant  force  of  these  two  elements  upon  m  is  repre- 
sented by  the  diagonal  mF,  which  is  parallel  to  MN  and  in  the 
opposite  direction  to  the  indefinite  current    As  this  reasoning  applies 
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to  all  the  elements  of  both  currents,  it  follows  that  the  current  AB 
will  experience  a  force  tending  to  give  it  a  motion  of  tranglfttion 
parallel  to  MN.  This  motion  will  be  opposite  to  the  direction  of  tlie 
indefinite  current  when  the  direction  of  the  finite  cnrrent  is  towards 
the  common  perpendicular  DC,  as  in  the  upper  diagram,  and  will  be 
in  the  same  direction  as  tlie  indefinite  current  when  the  direction  of 
the  finite  current  is  from  the  common  perpendicular,  as  in  the  towpr 
diagram. 

556.  Action  npon  a  Beotangular  Cunent  movable  aboat  an  Axii 
Perpeadicnlar  to  an  Indefinite  Cnrrent. — It  follows  from  the  preceding 
section  that  if  a  finite  current  AB  (Fig.  484),  perpendicular  to  an 


Fig.  4&1.'-Po4ition  OMiuaad  bj  Pffrpendicnlu'  Cnirtot. 

indefinite  current,  is  movable  round  an  axis  0  0'  parallel  to  itseii,  ihe 
plane  AB  00'  will  place  itself  parallel  to  the  indefinite  current,  and 
AB  will  place  itself  in  advance  or  in  rear  of  the  axis  according  33 
the  current  in  AB  is  from  or  towards  the  indefinite  current. 

If  a  pair  of  parallel  and  opposite  currents  BA,  A'B',  rigidly  con- 
nected together,  and  movable  round  the  axis  00'  lying  between  them, 
are  submitted  to  the  action  of  the  indefinite  current,  the  forces  upon 
them  will  conspire  to  place  the  system  in  the  position  indicated  in 
the  figure.     If  the  two  currents  A  B,  A'B'  are 
both  in  the  same  direction,  their  tendencies 
to  revolve  round  the  axis  0  0'  will  counteract 
each  other. 

557.  Action  upon  a  Rectanffiilar  Curent 
movable  round  an  Axis  Perpendicular  to  u 
Indefinite  Cnrrent. — If  a  rectangular  current 
(Fig.  i&,a)  is  movable  round  an  axis  oo  per- 
pendicular to  the  direction  of  the  indefinite 
rectilineal  current,  we  have  just  seen  that  the 
action  upon  the  two  sides  of  the  rectangle  which  are  perpendicular 
to  the  latter,  tends  to  place  the  system  so  that  its  plane  shall  be 
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parallel  to  the  iDdefinite  current,  and  that  the  side  which  carries  the 
receding  current  shall  be  in  advance  of  the  other.  The  action  upon 
the  near  side  of  the  rectangle  contributes  to  produce  the  same  effect, 
since  this  side  tends  to  set  itself  parallel  to  the  influencing  current, 
and  so  that  the  directions  of  the  two  shall  be  the  same. 

The  action  upon  the  further  side  of  the  rectangle  tends  to  produce 
an  opposite  effect;  but,  in  consequence  of  the  greater  distance,  this 
action  is  feebler  than  that  upon  the  near  side.  The  system  accord- 
ingly tends  to  take  the  position  of  stable  equilibrium  represented  in 
the  right-hand  half  of  the  figure.  The  diagram  on  the  left  hand 
represents  a  position  of  unstable  equilibrium. 

What  is  here  proved  for  a  rectangular  current,  is  true  for  any 
closed  plane  circuit  movable  round  an  axis  of  symmetry  perpendicular 
to  an  indefinite  rectilinear  current;  that  is  to  say,  any  such  circuit 
tends  to  place  itself  so  that  the  current  in  .the  near  side  of  it  is  in 
the  same  direction  as  the  indefinite  current. 

The  results  of  §  556  can  be  verified  experimentally  by  the  aid  of 
the  apparatus  represented  in  Fig.  486.  CC,  DD  are  two  cups  (shown 
in  section)  surrounding  the  me- 
tallic pillar  AB  at  its  upper  and 
lower  ends,  and  containing  a  con- 
ducting liquid.  The  lower  cup  is 
insulated  from  the  pillar,  and  con- 
nected with  the  binding-screw  g. 
The  liquid  in  the  upper  cup  CO 
is  connected  with  the  upper  end 
of  the  pillar  by  the  bent  arm  d  m. 
oK  is  a  light  horizontal  rod  sup- 
ported on  a  point  at  B,  and  carry- 
ing a  counterpoise  K  at  one  end, 

while  the  other  carries  a  wire  mnop,  whose  two  ends  nm  and  op 
descend  vertically  into  the  two  cups,  the  middle  portion  of  the  wire 
beiiig  wrapped  tightly  round  the  rod.  The  binding-screw  /  is  con- 
nected with  the  lower  end  of  the  pillar.  If  a  current  enters  at  /  and 
leaves  at  g,  its  direction  in  the  long  vertical  wire  op  will  be  descending; 
and  it  will  be  ascending,  if  the  connections  are  reversed.  By  sending 
a  current  at  the  same  time  through  a  long  horizontal  wire  in  the 
neighbourhood  of  the  system,  movements  will  be  obtained  in  accord- 
ance with  the  foregoing  conclusions. 

558.  Sinuous  Currents. — ^A  sinuous  current  exhibits  the  same  action 
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Fig.  486.— Position  aaramed  by  Vertical  Cnirent. 
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as  a  rectilinear  current,  provided  that  they  nowhere  deviate  fiu*  from 
each  other.  This  principle  can  be  exemplified  by  bringing  near  to  a 
movable  conductor  (Fig.  487)  another  conductor  consisting  of  a  wire 
doubled  back  upon  itself,  having  one  of  its  portions  straight,  and  the 
other  sinuous,  but  very  near  the  first.  A  current  sent  through  this 
double  wire  traverses  the  straight  and  the  sinuous  portions  in  oppo- 
site directions,  and  it  will  be  found  that  their  joint  efiect  upon  the 
movable  conductor  is  inappreciable. 

This  principle  holds  not  only  for  rectilinear  currents  but  for  cur- 
rents of  any  form,  and  is  very  extensively  employed  in  the  analytical 
investigations  of  electro-dynamics.  In  computing  the  action  exer- 
cised by  or  upon  a  conductor  of  any  form,  it  is  generally  convenient 
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Fig.  487. 


Sinuous  Cuirenta. 


Fig.  48S. 


to  substitute  for  the  conductor  itself  an  imaginary  conductor,  nearly 
coincident  with  it,  and  consisting  of  a  succession  of  short  straight 
portions  at  right  angles  to  one  another  (Fig  488). 

559.  Mutual  Action  of  Two  Elements  of  Currents. — ^Amp^re  based 
his  analytical  investigations  on  the  assumption  that  the  action  exer- 
cised by  an  element  (i.  e.  a  very  short  portion)  of  one  current  upon  an 
element  of  another,  consists  of  a  single  force  directed  along  the  join- 
ing line.  This  assumption  conducted  him  to  a  formula  for  the  amount 
of  this  force,  which  has  been  found  to  give  true  results  in  every  case 
capable  of  being  tested  by  experiment  Nevertheless,  it  is  by  no 
means  certain  that  either  Ampere's  formula  or  his  fundanaental 
assumption  is  true.  Other  assumptions  have  been  made,  leading  to 
other  formulae  in  contradiction  to  that  of  Ampfere,  which  also  give 
true  results  in  every  case  capable  of  being  experimentally  tested 
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The  fact  is  that  experiments"  can  only  be  performed  with  complete 
circuits,  and  the  contradictions  which  subsist  between  the  different 
assumptions,  in  the  case  of  the  several  parts  of  a  circuit,  vanish  when 
the  circuit  is  considered  as  a  whole.  All  the  formulae,  however,  agree 
in  making  the  mutual  force  or  forces  between  two  elements  vaiy 
inversely  as  the  square  of  their  distance,  and  directly  as  the  products 
of  the  cuiTents  which  pass  through  them.  Professor  Clerk  Maxwell^ 
discards  all  assumptions  as  to  mutual  actions  between  elements  at  a 
distance,  and  employs  the  principle  that  a  circuit  convejring  a  current 
always  tends  to  move  in  such  a  manner  as  to  increase  the  number  of 
magnetic  force-tubes  (in  the  sense  of  §  445  H)  which  pass  through  it. 
The  work  done  in  any  displacement  is  measured  by  the  number  of 
tubes  thus  added ;  but  tubes  which  cross  the  circuit  in  the  opposite 
direction  to  those  due  to  the  current  in  the  circuit  are  to  be  regarded 
as  negative. 

We  have  seen  (§  531  A,  b)  that  the-  lines  of  magnetic  force  due  to 
a  current  are  circles  surrounding  it ;  and  also  that,  when  a  line  of 
magnetic  force  cuts  a  current,  the  latter  experiences  a  force  tending 
to  move  it  at  right  angles  to  the  plane  of  itself  and  the  line  of  force. 
In  the  case  of  two  parallel  currents,  each  is  cut  at  right  angles  by  the 
lines  of  magnetic  force  due  to  the  other;  the  direction  of  the  force 
experienced  by  either  current  is  therefore  directly  to  or  from  the 
other  current ;  and  the  criterion  of  §  531 B  will  be  found  to  indicate 
attraction  when  the  directions  of  the  currents  are  the  same,  and 
repulsion  when  they  are  opposite. 

In  Fig.  480  the  lines  of  magnetic  force  cut  OA  in  a  direction 
perpendicular  to  the  plane  of  the  diagram,  OA  accordingly  experi- 
ences a  force  perpendicular  to  its  own  length  in  the  plane  of  the 
diagram ;  and  the  same  remarks  apply  to  A  B  in  Fig.  484.  All  the 
experimental  facts  above  detailed  are  in  fact  thus  explicable.  In  the 
experiment  of  Fig.  476,  where  the  application-  is  scarcely  so  obvious 
as  in  the  other  cases,  the  observed  motion  may  be  deduced  from  the 
direction  in  which  the  bridge  or  arc  connecting  the  two' side-wires  is 
cut  by  the  lines  of  force.^ 

560.  Action  of  the  Earth  on  Currents. — In  virtue  of  terrestrial 
magnetism,  movable  circuits,  when  left  to  themselves,  take  up  de- 
finite positions  having  well-marked  relations  to  the  lines  of  terrestrial 

*  Maxwell  "On  Faraday's  Lines  of  Force."     Camb.  Trans.  1858,  p.  60. 
'  Some  farther  remarks  on  the  forces  experienced  by  currents  in  magnetic  fields  will  be 
found  in  Chap.  Hi. 
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n\agnetic  force.  For  example,  in  the  apparatus  of  Fig.  486,  the  ver- 
tical wire  op  will  place  itself  to  the  west  or  east  (magnetic)  of  the 
pillar  AB,  according  as  the  current  in  a  p  is  ascending  or  descending. 
This  effect  is  due  to  the  horizontal  component  of  terrestrial  mag- 
netism. •  « 

In  the  apparatus  of  Fig.  481,  if  the  current  be  sent  only  through 
the  movable  portion,  continuous  rotation  will  be  produced,  which  will 
be  with  or  against  the  hands  of  a  watch  according  as  the  current  in 
the  top  wires  is  inwards  or  outwarda  This  effect  is  due  to  the  ver- 
tical component  of  the  earth's  magnetism,  acting  on  the  currents  in 
the  horizontal  wires.  Vertical  lines  of  magnetic  force  falling  on  a 
horizontal  current  give  the  latter  a  tendency  to  move  perpendicular 
to  its  own  length  in  a  horizontal  plana 

561.  Solenoids. — If  we  suspend  from  Ampfere's  stand  (Fig.  473)  a 
plane  circuit,  whether  rectangular  or  circular,  it  will  place  itself 
perpendicular  to  the  magnetic  meridian,  in  such  a  manner  that  the 
current  in  its  lower  side  is  from  east  to  west;  or,  in  other  words,  st) 
that  the  ascending  current  ha  in  its  western  and  the  descending  cur- 
rent in  its  eastern  side;  this  effect  being  due  to  the  action  of  the 
horizontal  component  of  terrestrial  magnetism  upon  the  ascending 
and  descending  parts  of  the  current.  If,  then,  we  have  a  number 
of  such  circuits,  rigidly  connected  together  at  right  angles  to  a  com- 
mon axis,  and  with  their  currents  all  circulating  the  same  way,  their 
common  axis  will  tend  to  place  itself  in  the  magnetic  meridian,  like 

the  axis  of  a  magnet.     Such  a 
k  I  A  system  was  called  by  Ampfere  a 

solenoid  (<y«X»/i',  a  tube),  and  was 
realized  by  him  in  the  following 
manner. 

Imagine  a  wire  bent  into  such 
a  shape  as  to  consist  of  a  number 
of  rings  united  to  each  other  by 
straight  portions.  It  will  differ 
from  a  theoretical  solenoid  onlv 

Fig.  49i.-8oienoida.  by    haviug    currcnts    in    these 

straight  portions;  but  if  the 
two  ends  of  the  wire  be  carried  back  till  they  nearly  meet  in 
the  middle  of  the  length,  as  shown  at  A  and  B  CFig.  491),  the 
currents  in  these  returning  portions,  being  opposite  to  those  in 
the  other  straight  portions,  will  destroy  their  effect,  and  the  re- 
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sultant  electro-dynamic  action  of  the  system  will  be  simply  due  to 
the  currents  in  the  rings.  The  same  effect  is  more  conveniently 
obtained  by  substituting  for  the  rings  and  intermediate  straight 
portions,  a  helix,  which,  by  the  principles  of  sinuous  currents,  is 
equivalent  to  them.  Each  spire  of  the  helix  represents  a  circle  " 
perpendicular  to  the  axis,  together  with  a  straight  portion  parallel 
to  the  axis  and  equal  to 
the  distance  between  two 
spires.  Tie  effect  of  all 
the  sti-iiight  portions  is 
exactly  destroyed  by  the 
wires  which  return  irom 
the  ends  of  the  helix  and 
meet  in  the  middle.  This 
arrangement,  which  is  re- 
presented at  C,  is  that 
which  is  universally 
adopted,  the  returning 
wires  being  sometimes  in 
the  axis,  and  sometimes 
on  the  outside  of  the 
helix. 

If  a  solenoid,  thus  con- 
structed, be  suspended  on  an  Ampfere's  stand,  as  in  Fig.  492,  and  a 
current  sent  through  it,  it  will  immediately  place  its  axis  parallel 
to  a  declination  needle.  It  may  accord- 
ingly be  said  to  have  poles.  In  Fig. 
^:93,  A  represents  the  austral  or  north- 
seeking,  B  the  boreal  or  south-seeking 
pole  of  the  solenoid ;  that  is  to  say,  the 
direction  of  the  current  is  against  or 

with  the  hands  of  a  watch  according  as  ^   m-toiaiotsoitaiM. 

the  austral  or  boreal  pole  is  presented 

to  the  observer.  The  same  difference  is  illustrated  by  Fig.  492. 
562.  Dip  of  Solanoid. — If  a  solenoid  could  be  balanced  so  as  to  be 
perfectly  free  to  move  about  its  centre  of  gravity,  it  would  place  its 
axis  parallel  to  the  dipping-needle.  The  experiment  would  be 
scarcely  practicable  with  a  solenoid  properly  so  called,  on  account  of 
its  weight;  but  it  can  be  performed  with  a  single  plane  circuit,  such 
as  that  shown  in  Fig.  494'.     If  such  a  circuit  is  nicely  balanced  about 
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an  axis  through  its  centre  of  gravity,  and  placed  so  that  it  can  turn 
freely  in  the  plane  of  the  magnetic  meridian,  the  passing  of  a  current 
through  it  will  cause  it  to  set  its  plane  perpendicular  to  the  direction 

of  a  dipping-needle. 
This  effect  is  due  to 
the  action  of  terrestrial 
magnetism  on  the  upper 
and  lower  sides  of  the 
rectangle.  The  plane 
of  the  rectangle  is  re- 
presented in  the  figure 
as  coinciding  with  the 
direction  of  dip.  In 
this  position  the  action 
of  terrestrial  magnet- 
ism urges  the  upper 
side  backwards,  and 
the  lower  side  forwards, 
and  stable  equilibrium 
will  be  attained  when 
the  rectangle  has  turned 
through  90^ 
568.  Mutual  ActionB  of  SolenoidB. — Solenoids  behave  like  magnets 
not  only  as  regards  the  forces  which  they  experience  from  terrestrial 
magnetism,  but  also  as  regards  the  actions  which  they  exert  upon 

one  another.  The  similar  poles  of  two  solen- 
oids repel,  and  the  unlike  poles  attract  each 
other,  as  we  may  easily  prove  by  suspending 
one  solenoid  from  an  Ampere's  stand  and 
bringing  another  near  it 

The  reason  of  these  attractions  and  re- 
pulsions is  illustrated  by  Fig.  495.  If  two 
austral  poles  are  placed  opposite  each  other, 
as  in  the  upper  part  of  the  figure,  the  cur- 
rents are  circulating  round  them  in  opposite 
directions,  and.  by  the  laws  of  parallel  cur- 
rents, should  therefoi-e  repel  each  other; 
whereas  if  two  dissimilar  poles  be  placed 
face  to  face,  the  currents  which  circulate  round  them  are  in  the  same 
direction,  and  attraction  should  therefore  ensue. 


South. 
Fig.  494.— Dip  of  Element  of  Solenoid. 


Fig.  496.~Matiuil  Action  of 
Solenoids. 
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Lastly,  if  one  pole  of  an  ordinary  magnet  be  brought  near  one  pole 
of  a  suspended  solenoid,  as  in  Fig.  496,  repulsion  or  attraction  will 
be  exhibited  according  as  the  poles  in  question  are  similar  or  dis- 
similar. In  the  position  represented 
in  the  figure,  this  action  is  mainly  due 
to  the  action  of  the  boreal  pole  of  the 
magnet  upon  the  descending  currents 
in  the  near  side  of  the  solenoid.  This 
action  consists  in  a  force  to  the  left 
hand,  nearly  parallel  to  the  axis  of 
the  solenoid,  which  tends  to  make  the 
solenoid  rotate  about  its  supports,  and 
thus  to  bring  the  end  A  of  the  solen- 
oid into  contact  with  the  end  B  of 
the  magnet 

It  may  be  shown,  by  the  aid  of 
Ampfere's  formula  for  the  mutual  force 
between  two  elements,  that  the  mu- 
tual action  of  two  solenoids  is  equi- 
valent to  four  forces,  directed  along  lines  joining  tiie  poles  of  the 
solenoids,  and  varying  inversely  as  the  squares  of  the  distances 
between  the  poles ;  the  forces  between  similar  poles  being  repulsive, 
and  the  other  two  attractive.  The  analogy  between  solenoids  and 
magnets  is  thus  complete. 

564.  Astatic  Circuits. — When  it  is  desired  to  eliminate  the  influence 


Fig.  496.— Action  of  Magnet  on  Solenoid. 


Pig.  497. 


of  terrestrial  magnetism  in  electro-dynamic  experiments,  an  astatic 
circuit  may  be  employed  as  the  movable  conductor.  Two  such  cir- 
cuits are  represented  in  the  accompanying  figures  (Figs.  497,  498). 
In  each  of  them  the  current  in  one  half  of  the  circuit  circulates  with, 
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and  in  the  other  against  the  hands  of  a  watch,  thus  producing 
equal  and  opposite  tendencies  to  orientation,  which  destroy  one 
another 

665.  Ampere's  Theory  of  Magnetism. — In  accordance  with  the  pre- 
ceding facts,  Ampfere  propounded  the  hypothesis  that  what  is  called 
magnetism  consists  in  the  existence  of  electric  currents  circulating 
round  the  particles  of  magnetic  bodies.      In  iron  or  steel,   when 
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Fig.  499. 


Amperian  Curreiits  in  Magnet. 


Fig.  500. 


unmagnetized,  according  to  this  theory,  the  currents  around  different 
particles  have  different  directions ;  but  when  it  is  magnetized,  the 
directions  of  all  are  the  same.  Fig.  499  represents  an  ideal  section 
of  a  magnetized  bar  at  right  angles  to  the  direction  of  its  magnetiza- 
tion. On  the  neighbouring  faces  of  any  two  particles,  the  currents 
are  in  opposite  directions,  hence,  by  the  laws  of  sinuous  currents, 
there  is  a  mutual  destruction  of  force  through  the  whole  interior,  and 
the  resultant  effect  is  the  same  as  if  there  were  currents  circulating 
round  the  exterior  of  the  magnet,  as  represented  in  Fig.  500. 

Magnetization  by  influence  depends,  according  to  this  theory,  on 
the  tendency  of  currents  to  set  themselves  parallel  and  in  similar 
directions;  and  if  the  substance  magnetized  possesses  coercive  force, 
the  direction  thus  impressed  on  its  cmrents  pereists  after  the  influence 
is  removed.  In  soft  iron,  on  the  contrary,  they  resume  their 
former  irregularity. 

Ampere's  theory  of  magnetism  is  in  complete  accordance  with  all 
known  facts.  But  it  admits  of  question  whether  it  is  simpler  to 
deduce  the  laws  of  magnetism  and  electro-magnetism  from  those  of 
electro-dynamics;  or  to  adopt  the  reverse  order,  and  deduce  the  laws 
of  electro-dynamics  from  those  of  electro-magnetisnt 

666.  Rotation  of  a  Magnet  on  its  Axis. — The  following  experiment 
is  due  to  Arapfere.  A  magnet,  loaded  with  platinum  at  its  lower 
end,  floats  upright  in  mercury  contained  in  a  glass  vessel  (Fig.  501). 
A  cavity  is  hollowed  out  in  the  top  of  the  magnet.  This  contains 
mercury,  in  which  a  point  dips.  On  connecting,  one  of  the  terminals 
of  a  battery  with  this  point,  and  the  other  with  the  outer  edge  of  the 
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mercury  in  the  vessel,  the  magaet  is  seen  to  rotate  on  its  axis.  If 
the  north-seeking  pole  is  uppermost,  and  the  positive  pole  o£  the 
battery  is  connected  with  the  point,,  the  direction  of  rotation  is 
N.RS.W. 

The  Amperian  explanation  of  this  phenomenon  is,  that  it  is  due 


rig.  SOI.— BoUtion  of  UignM. 


to  the  action  between  the  outward-flowing  current  in  .the  mercury 
and  the  Amperian  currents  which  circulate  round  the  magnet     The 
latter,  as  represented  by  the  arrows  nC,  Cm  in  Fig.  502,  are  opposite 
to    watch-hands.       The    outward  -  flowing 
current  inCD  attracts  the  current  in  Cm, 
since  they  are  both  directed  away  from 
the  angular  point  C,  and  repels  the  cur- 
rent in  nC.     Hence  the  magnet  is  made 
to  rotate  in  the  direction  mCn,  opposite 
to  that  of  the  Amperian  current 

The  experiment  is  sometimes  varied  by 
making  the  point  dip  in  the  mercury  in 
the  vessel,  the  magnet  being  allowed  to 
float  freely  near  it,  and  a  metallic  ring 
being  immersed  at  the  outer  edge  of  the 
mercury,  to  which  the  current  flows  out  in  all  directions  from  the 
point  As  soon  as  the  circuit  is  completed,  the  magnet  begins  to 
revolve  round  the  point     The  rotation  will  be  in  the  same  direction 
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as  in  the  other  form  of  the  experiment ;  that  is  to  say,  if  the  current 
flows  outwards  from  the  point  to  the  edge  of  the  vessel,  the  direction 
of  rotation  will  be  opposite  to  that  of  the  Am'perian  currents  in  the 

magnet.  This  is  easily  explained  by  the 
laws  of  parallel  currents,  for  the  current 
in  OC  (Fig.  503)  attracts  the  Amperian 
current  at  m,  and  the  current  in  0  D  repels 
the  current  at  n.  The  magnet  wiU  there- 
fore move  from  OD  to  OC,  and  will  re- 
volve round  O  in  the  direction  N.E.S.W. 

567.  Magnetization  by  Currents. — Am- 
pere's theory  of  magnetism  leads  naturally 
to  the  conclusion  that  a  bar  of  iron  or  steel 

^^^  ^^'b^^^^^  "^  ™^y  ^  magnetized  by  means  of  a  cur- 
rent. Arago  was  the  first  to  establish  this 
fact,  but  without  a  clear  apprehension  of  the  conditions  necessary 
for  success,  or  of  the  criterion  for  determining  which  will  be  the 
austral,  and  which  the  boreal  pole.  Ampere  conceived  the  idea  of 
introducing  the  needle  to  be  magnetized  into  the  axis  of  a  solenoid, 
and  the  result  confirmed  his  prediction  that  the  poles  of  the  needle 
would  be  turned  the  same  way  as  those  of  the  magnetizing  helix. 
This  is  what  must  happen  if  the  currents  in  the  helix  force  the 
Amperian  currents  in  the  bar  into  parallelism  with  themselves,  so 
that  aU  rotate  the  same  way.  The  action,  in  fact,  is  precisely  ana- 
logous to  that  represented  in  Fig.  477./ 

It  is  to  be  remarked  that,  in  this  process  of  magnetization,  the 
portions  of  the  currents  parallel  to  the  axis  of  the  helix  produce  no 
effect  The  wire  through  which  the  current  is  to  be  sent  may  he 
wound  like  thread  upon  a  reel,  returning  alternately  from  end  to  end, 
and  all  the  convolutions  will  contribute  to  magnetize  the  bar  the  same 
way,  although  it  is  evident. that  the  helices  are  in  this  case  alternately 
right-handed  and  lefb-handed.  The  north-seeking  and  south-seeking 
poles  may  be  in  all  cases  distinguished  by  the  rule  that  the  direction 
in  which  the  current  circulates  in  the  coil  is  against  watch-hands  as 
seen  from  the  former  and  with  watch-hands  as  seen  from  the  latter; 
or  it  may  be  remembered  by  the  rule,  that  if  I  identify  my  own  body 
in  imagination  with  a  portion  of  the  wire,  and  suppose  the  current 
to  enter  at  my  feet,  while  my  face  is  towards  the  needle,  the  north- 
seeking  pole  will  be  to  my  left.  In  1  and  2  (Fig.  504)  a  will  be  the 
austral  (or  north-seeking),  and  b  the  boreal  pole  of  the  inclosed 


ELECTRO-MAONETS.  C97 

needle,  when  the  current  in  the  helix  has  the  direction  indicated  bj 
the  arrows. 

If  the  direction  of  winding  is  changed,  in  the  manner  represented 


f\g.  sw. 
I.  Kght-huidid  Hslii.         1.  Ltft-biuid«d  Hdii.         S.  Airangsmsnt  for  Conieqiinit  Polnti. 

in  3,  so  that,  as  seen  from  one  end,  the  direction  in  which  the  cuiTent 
circulates  is  in  one  part  with  and  in  another  against  the  hands  of  a 
watch,  consequent  points  (§  503)  will  be  formed  at  the  points  of 
change.  Thus,  if  the  current  enters  at  the  left-hand  end  of  the  coil, 
the  pointa  aa  will  be  austral/ and  the  points  bb  boreal  poles. 

568.  Eleotro-ma^fnets. — Arago  was  the  first  to  observe  the  effect  of 
a  current  in  magnetizing  soft  iron.    On  plunging  in  iron-filings  a  wire 
through  which  a  very  strong  current  was  passing,  he  observed  that 
the  filings  clung  to  the  wire,  that  they  placed  their  length  tangen- 
tially  to  it,  and  that  they  fell  off  when 
the   current  ceased  to  pa^     Each  filing 
was  evidently,  in  this  experiment,  a  little 
magnet  placing  itself  at  right  angles  to  the 
current.     A  cylindrical  bar  of  iron  can  be 
powerfully  magnetized  by  wrapping  round 
it  a  coil  of  insulated  wire  and  sending  a 
current  through  this  coil.     Stout  copper 
wire  is  generally  employed  for  this  pur- 
pose.    Such  an  arrangement  is  called  an        Fig.  M!i,_Hoi».h»Ei«iro 
electro-magnet 

The  bar  has  often  tlie  horse-shoe  form,  aa  in  Fig.  505,  and  in  this 
case  the  central  part  is  usually  left  baja     The  direction  of  winding 
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on  the  ends  must  be  audi  tliat,  if  tlie  bar  were  Btraigbtened  out.  the 
current  would  circulate  in  the  same  direction  round  every  part  This 
is  clearly  shown  in  the  figure.  Electro-magnets  have  been  cod- 
atructed  capable  of  sustaining  a  load  of  many  tona 

Besides  the  enormous  power  that  can  be  given  them,  electro- 
magnets have  the  advantage  of  being  readily  made  or  unmade  instan- 
taneoualy,  by  completing  or  interrupting  the  circuit  to  which  the 
coil  belongs.  This  principle  has  received  very  numerous  and  varied 
applications,  some  of  which  will  be  mentioned  in  later  chapters. 

069.  Beaidnal  Haernfltiea. — When  the  current  round  an  electro- 
magnet ia  interrupted,  the  destruction  of  the  magnetization  is  not 
complete.  The  small  remaining  magnetization  is  called  remanent  or 
residual  magnetism.  It  is  frequently  sufficiently  powerful  to  retain 
the  armatures  in  contact  with  the  magnet,  and  thus  necessitates  the 
employment  of  opposing  springs,  if  instantaneous  separation  is 
desired.  The  mere  act  of  separation  suffices  to  destroy  the  greater 
part  of  the  residual  magnetism. 

Fig.  607  represents  an  electro-magnet  EE',  furnished  with   an 


Fig.  907.— Electn).iiiagi>et  with  Oppoalng  Spring. 

opposing  spring  g.  The  armature  A,  with  its  lever  (,  turns  aboat 
tlie  axis  V  V.  The  opposing  spring  g  has  one  end  fixed  at  K,  and 
the  other  attached  to  the  end  of  the  lever  t.  It  therefore  tends  to 
remove  the  armature  from  the  magnet,  c  and  d  are  two  poiuta 
wliose  distance  can  be  regulated,  and  which  serve  to  limit  the  mov^ 
inents  of  the  armatura 
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670.  Heating  of  Wires.— The  heating  of  a  wire  by  the  passage  of 
a  current  may  conveniently  be  exhibited  by  the  aid  of  the  apparatus 
represented  in  Fig.  508.  Two  uprights  mounted  on  a  stand  are 
furnished,  at  different 

heights,     with  '  pairs  ^1 g«' 

of  insulated  binding-  /    jl  ^ 

screws    aa\    bb\  ec\  ^  ^™ wSLS' 

having  wires  stretched 
between  them.  A  cur- 
rent can  thus  be  sent 
through  any  one  of 
the  wires,  by  connect- 
ing the  terminals  of  a 
battery  with  the  bind- 
ing-screws at  its  ex- 
tremities.    When  this 

is  done  with  a  battery  of  suitable  power,  the  wire  is  first  seen  to 
droop  in  consequence  of  expansion,  then  to  redden,  and  finally  to 
melt,  becoming  inflamed  if  the  metal  is  sufficiently  combustible. 

If  a  file  is  attached  to  one  of  the  terminals  of  a  battery,  and  the 
other  terminal  is  drawn  along  the  file,  a  rapid  succession  of  sparks 
will  be  obtained ;  and  if  the  battery  be  sufficiently  powerful,  globules 
of  incandescent  metal  will  be  scattered  about  with  brilliant  effect. 

671.  Joule's  Law. — The  energy  of  a  current  is  jointly  proportiooal 
to  the  quantity  of  electricity  that  passes  and  the  electro-motive  force 
that  drives  it  As  the  numerical  measure  of  a  current  is  the  quantity 
of  electricity  which  passes  in  unit  time,  it  follows  that  the  energy'  of 
a  cuiTcnt  C  lasting  for  a  time  ^,  is  EC<,  E  denoting  the  electro-motive 


Fig.  508.— Stand  for  Heating  Wires. 
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force.  But  again,  by  Ohm's  law,  E  is  equal  to  the  product  of  the 
current  C  and  the  whole  resistance  R  The  expression  for  the  energy 
therefore  becomes 

C«R*,  (1) 

and  this  energy  is  all  transformed  into  heat  in  the  cii'cuit,  unless 
the  current  is  called  upon  to  perform  some  other  kind  of  work  in 
addition  to  overcoming  the  resistance  of  the  circuit  It  has  accord- 
ingly been  found,  first  by  Joule,  and  afterwards  by  Lenz,  Becquerel, 
and  others,  that  the  formula  C'Rt  represents  the  quantity  of  heat 
generated  by  a  current  under  ordinary  circumstances.  The  experi- 
ments have  usually  been  conducted  by  passing  a  current  through  a 
spiral  of  wire  immersed  in  water  or  alcohol,  and  observing  the  eleva- 
tion of  temperature  of  the  liquid. 

This  law  of  Joule's,  like  that  of  Ohm,  ma)^  be  applied  to  any  part 
of  a  circuit,  as  well  as  to  the  circuit  considered  as  a  whole ;  that  is  to 
say,  if  the  circuit  consists  of  parts  whose  resistances  are  rj,  rj,  .  .  . , 
the  quantities  of.  heat  generated  in  them  are  respectively  (?  r^  t, 
C?  r^t,  .  ,  ,  ,  and  are  therefore  proportional  to  the  resistances  r^,  u 
...  of  the  respective  parts,  since  C  and  t  are  necessarily  the  saine 
for  alL 

672.  Relation  of  Heat  in  Circuit  to  Chemical  Action  in  Battery.— 
The  energy  of  a  current,  and  consequently  the  heat  developed  in  the 
circuit,  is  the  exact  equivalent  of  the  potential  energy  of  chemical 
affinity  which  runs  down  in  the  cells  of  the  battery.  This  fact,  first 
verified  approximately  by  Joule,  has  been  more  accurately  confirmed 
by  the  experiments  of  Favre,  who  introduced  into  the  muffle  of  his 
mercurial  calorimeter,  already  described  and  figured  in  §  351,  a  small 
voltaic  cell  with  its  poles  connected  by  a  fine  wire.  He  found  that 
the  consumption  of  33  grammes  of  zinc  in  the  cell  corresponded  to  a 
generation  of  heat  amounting  to  18,796  gramme-degreea  But  the 
chemical  action  in  the  cell  is  complex.  The  33  grammes  of  zinc  unite 
with  8  grammes  of  oxygen,  and  in  so  doing  generate  42,451  gramme- 
degrees.  The  combination  of  these  41  gi-ammes  of  oxide  of  zinc  with 
40  grammes  of  sulphuric  acid,  produces  10,456  gramme-degrees, 
making  in  all  52,907.  But  an  equivalent  of  water  undergoes  decom- 
position, and  this  absorbs  34,463,  which  must  be  subtracted  from  the 
above  sum,  leaving  18,444  gramme-degrees  as  the^  balance  of  heat 
generated  in  the  whole  complex  action.  The  heat  actually  observed 
in  the  experiment,  agreed  almost  precisely  with  this  calculates! 
amount 
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573.  Distribntion  of  Heat  in  Different  Parts  of  Circuit. — These 
experiments  also  served  to  verify  the  application  of  Joule's  law  to 
each  part  of  the  circuit  considered  separately.  By  introducing  the 
cell  into  the  muffle  whilst  a  spiral  of  fine  wire  connecting  the  poles  ' 
was  outside,  and  then  introducing  the  spiral  while  the  cell  was  out- 
side, Favre  was  able  to  measure  separately  the  heat  generated  in  the 
cell  and  in  the  spiral,  and  these  were  found  to  be  proportional  to  their 
resistances. 

If  wires  of  different  diameter  or  of  different  electrical  conductivity 
form  parts  of  the  same  circuit,  so  as  to  be  traversed  by  the  same 
current,  the  bad  conductors  will  become  more  heated  than  the  good, 
and  the  fine  wires  more  than  the  coarse.  All  parts  of  the  length  of 
a  uniform  wire  will  be  uniformly  heated.  The  specific  resistance  of 
platinum  is  ten  times  greater  than  that  of  copper ;  hence  ten  times 
as  much  heat  will  be  generated  in  a  platinum  as  in  a  copper  wire  by 
a  given  current,  if  the  diameters  of  the  two  wires  be  the  same. 

The  elevation  of  temperature  is  greater  in  a  fine  than  in  a  coarse 
wire,  not  only  because  of  its  greater  resistance,  which  leads  to  the 
development  of  a  greater  quantity  of  heat  in  it,  but  also  on  account  ^ 
of  its  smaller  capacity  for  heat,  and  its  smaller  surface.  When  the 
current  is  paissed  for  so  short  a  time  that  the  heat  emitted  may  be 
neglected,  the  elevation  of  temperature  varies  directly  as  the  resist- 
ance per  unit  length,  and  inversely  as  the  capacity  per  unit  length. 
Each  of  these  quantities  varies  directly  as  the  section  of  the  wire, 
and  hence  the  elevation  of  temperature  is  inversely  as  the  square  of 
the  section,  or  as  the  fourth  power  of  the  diameter. 

On  the  other  hand,  if  the  current  be  continued  till  the  permanent 
temperature  is  attained,  capacity  ceases  to  have  any  influence,  and 
the  heat  emitted  in  unit  time  must  be  equal  to  the  heat  received. 
If  X  denote  the  elevation  of  temperature,  the  heat  emitted  is  ap- 
proximately ZfrrBxhy  Newton's  law  (§  307),  B  being  a  constant. 

The  heat  received  is  — , ,  A  being  another  constant     By  equating 

these  two  expressions,  we  find  that  r^a?  is  equal  to  a  constant,  and 
hence  x  varies  inversely  as  r^,  that  is,  the  elevation  of  temperature  is 
inversely  as  the  cube  of  the  diameter. 

To  obtain  the  most  rapid  production  of  heat  in  the  circuit  con- 
sidered as  a  whole,  we  must  reduce  the  resistance  to  a  minimum ; 
for  the  heat  produced  in  unit  time  is  EC,  which,  by  Ohm's  law,  is 

the  same  as  g^ ,  and  therefore  varies  inversely  as  R  the  total  resistance. 
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574.  Heobanical  Work  done  by  Carrent. — Favre's  experiments  also 
furnished  a  confirmntion  of  the  fact,  that  wlien  a  current  is  called 
upon  to  perform  mechanical  work,  the  amount  of  heat  generated  in 
the  circuit  is  diminished  by  the  equivalent  of  this  vork.  He  inclosed 
a  battery  of  iive  cells  in  the  mnifle  of  one  calorimeter,  and  an  electro- 
magnet in  another  calorimeter,  the  connections  between  the  coil  of 
the  electro-magnet  and  the  polea  of  the  battery  being  made  by  short 
thick  wires  whose  resistance  could  be  neglected.  The  electro-magnel 
attracted  an  armature,  and  thus  raised  a  weight  by  means  of  exterosl 
pulleys. 

It  was  found  that  when  the  armature  was  fixed,  so  that  no 
mechanical  work  could  be  performed,  the  heat  developed  was  the 
precise  equivalent  of  the  chemical  action  which  took  place  in  the 
battery;  but  when  the  electro-magnet  was  allowed  to  raise  the 
weight,  the  amount  of  heat  indicated  by  the  calorimeters  was  sen- 
sibly less.  The  difference  was  measured,  and  compared  with  the  work 
clone  in  raising  the  weight.  The  comparison  indicated  444  kilo- 
grammetres  of  work  for  each  kilogramme- degree  of  beat  that  dis- 


Flg.  sua,— E}i9ctiic  Light. 


appeared,  a  result  which  agrees  sufficiently  well  with  the  establisiie-l 
value  of  Joule's  equivalent  (-tSo  kilogram  metres). 

676.  Electric  Light. — When  two  pointed  pieces  of  a  conducting 
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kind  of  carbon,  such  as  that  which  is  deposited  in  the  retorts  at  gas- 
works, are  connected  with  the  poles  of  a  powerful  battery,  as  in  Fig. 
509,  a  brilliant  light  is  obtained  by  bringing  them  together  so  as  to 
allow  discharge  to  take  place  between  them.  This  discharge,  when 
once  obtained,  will  not  be  interrupted  by  separating  the  points  to 
some  distance, — greater  in  proportion  to  the  electro-motive  force  of  the 
battery ;  and  the  interval  will  be  occupied  by  a  luminous  arch  (known 
as  the  voltaic  arc)  of  intense  brightness  and  excessively  high  tempera- 
ture. This  brilliant  experiment  was  fir^t  performed  by  Sir  Humphrey 
Davy,  at  the  commencement  of  the  present  century,  with  a  battery 
of  3000  cells.  The  light  appears  to  be  mainly  due  to  the  incandes- 
cence of  particles  of  carbon  which  travei-se  the  space  between  the 
points. 

This  transport  of  particles  can  be  rendered  visible  to  a  large 
number  of  spectators  by  throwing  an  image  of  the  heated  points  on 
a  screen  with  the  aid  of  a  lens.  Fig.  510  represents  the  image  thus 
obtained,  the  natural  size  of  the  carbons  being  indicated  by  the  sketch 
at  the  right  hand.  On  watching  the  image  for  some  time,  incandes- 
cent particles  will  be  observed  traversing  the  length  of  the  arc,  some- 
times in  one  direction  and  sometimes  in  the  other,  the  prevailing 
direction  being,  however,  that  of  the  positive  current.  This  circum- 
stance, which  appears  to  be  connected  with  the  higher  temperature 
of  the  positive  terminal,  explains  the  diflference  between  the  forms 
assumed  by  the  two  carbons.  The  point  of  the  positive  carbon 
becomes  concave,  while-  the  negative  carbon  remains  pointed  and 
wears  away  less  rapidly.  This  difference  is  more  precisely  marked 
when  the  experiment  is  performed  in  vacuo;  a  kind  of  corie  then 
grows  up  on  the  negative  carbon,  while  a  conical  cavity  is  formed  in 
the  positive  carbon.  These  phenomena  are  less  clearly  exhibited  in 
air,  on  account  of  the  combustion  occasioned  by  the  presence  of 
oxygen. 

The  voltaic  arc  exceeds  in  temperature  as  well  as  in  brightness  all 
other  artificial  sources  of  heat.  Despretz  succeeded  by  its  means  in 
fusing  and  even  volatilizing  many  substances  which  had  previously 
proved  refractory.  Carbon  itself  was  softened  and  bent,  welded,  and 
apparently  reduced  to  vapour,  which  was  condensed,  in  the  form  of 
black  crystalline  powder,  on  the  walls  of  the  containing  vessel 

The  voltaic  arc  must  be  regarded  as  an  instance  of  conduction 
rather  than  of  disruptive  discharge,  the  air  being  rendered  a  con- 
ductor by  the  high  temperature  to  which  it  is  raised.     Hence  it  is 
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that,  although  discharge  does  not  commence  between  the  points  till 
they  have  been  brought  close  together,  it  is  not  interrupted  by  sub- 
sequently removing  them  to  a  considerable  distance. 


Fig.  ilO.—Imigsoltba  Cuban  Fointi. 

The  voltaic  arc  is  acted  on  by  a  magnet,  according  to  the  same 
laws  as  any  other  current.  M.  Quet,  by  employing  a  very  powerful 
electro -magnet,  with  its  poles  at  equal  distances  on  opposite  sides  of 
the  line  joining  the  points,  repelled  the  arc  laterally  to  such  an  extent 
that  it  resembled  a  blowpipe  flame  (Fig.  611). 

676.  Light  of  the  Voltaic  Are. — The  light  of  the  voltaic  arc  has  a 
dnzzling  brilliancy,  and  atlibpts  were  long  ago  made  to  utilize  it 
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Fig.  511. — Aotion  of  Magnet  ou 
Voltoio  Arc. 


The  failures  of  these  attempts  were  due  not  so  much  to  its  greater 
costliness  in  comparison  with  ordinary  sources  of  iUumination,  as  to 
the  difficulty  of  using  it  eflFectively.  Its 
brilliancy  is  painfully  and  even  danger- 
ously intense,  being  liable  to  injure  the 
eyes  and  produce  headaches.  Its  small 
size  detracts  from  its  illuminating  power 
— it  dazzles  rather  than  illuminates — 
and  it  cannot  be  produced  on  a  sufficiently 
small  scale  for  ordiuary  purposes  of  con- 
venienca  There  is  no  mean  between  the 
absence  of  light  and  a  light  of  overpower- 
ing intensity. 

There  is,  however,  one  application  in 
which  these  peculiarities  of  the  electric 

light  are  positive  advantages,  penetration  being  the  essential  re- 
qjl^site;  we  mean  the  lighting-up  of  lighthouses.  Here  the  office 
of  the  light  is  not  to  render  other  objects  visible,  but  to  be  itself 
seen;  and  in  this  respect,  in  hazy  weather,  the  electric  light  is 
found  decidedly  superior  to  oil-lamps. 

The  electric  light  is  also  extensively  used  for  throwing  images  on 
a  screen  in  lecture- illustrations,  and  for  producing  various  luminous 
eflTects  in  theatrical  exhibitions.  It  has  also  been  successfully  em- 
ployed for  enabling  labourers  to  carry  on  their  work  at  night 

As  the  carbons  undergo  waste  by  combustion,  it  is  necessary  to 
employ  some  means  for  keeping  them  at  a  nearly  constant  distance, 
BO  as  to  give  a  steady  light.  Several  diflferent  regulators  have  been 
employed  for  this  purpose,  all  of  them  depending  on  the  principle 
that  the  strength  of  the  current  diminishes  as  the  distance,  and 
consequently  the  resistance,  increases.  We  will  briefly  describe  two, 
those  of  Duboscq  and  Foucault 

677.  DuboBcq's  Regulator. — In  Duboscq's  apparatus  (Fig.  512)  there 

is  a  train  of  wheel- work,  driven  by  a  main-spring  contained  within 

the  barrel  P,  the  motion  being  moderated  by  means  of  the  revolving 

fSajis  g.     The  two  racks  S  and  T  are  driven  by  two  wheels  attached 

to  the  barrel,  one  of  them  (the  driver  of  T)  having  double  the  radius 

of  the  other.     One  rack  thus  rises,  and  the  other  falls,  but  the  rising 

rack  T  moves  twice  as  fast  as  the  other.     The  rack  T  is  that  which 

carries  the  positive  carbon  c ;  the  negative  carbon  c'  is  fixed  to  the 

piece  T,  which  travels  with  the  rack^.     It  has  been  found  by 

46 
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experience  that  the  positive  carbon  wears  away  twice  as  fast  as  tbe 
negative  Hence  the  adoption  of  this  arraagenient,  which  causes  tbe 
positive  carbon  to  move  double  the 
distance  of  the  other.  If  the  cur- 
rent were  generated,  not  bj  a  bat- 
tery, but  by  a  magneto-electric 
machine,  Buch  as  we  shall  describe 
in  a  later  chapter,  each  carbon 
would  be  alternately  poutive  and 
negative,  and  it  wonld  be  neces- 
sary to  make  their  velodtiee  equal 
The  current  from  the  battery  al- 
ters tbe  apparatus  by  tbe  binding- 
screw  R,  traverses  the  coO  of  the 
electro  -  magnet  E  B,  whence  it 
passes  through  the  rack  T  to  the 
positive  carbon  c  From  the  nega- 
tive carbon  c'  it  travels  to  the  rack 
S,  and  escapes  by  the  hinding- 
.^  screw  R'.  The  softriron  core^  of  the 
electro-magnet  attracts  an  annsture 
K,  with  a  force  which  depends  on 
the  strength  of  the  current  Tbe 
armature  is  attached  to  one  arm  of 
the  bent  lever  L,  which  tarns  about 
a  horizontal  axis  at  F*,  and  an  op- 
posing spring  3  resists  tbe  atbu- 
tion  of  the  electro -magnet  The 
upper  end  of  fbe  bent  lever  governs 
the  movements  of  a  shorter  lever  I 
which  turns  about  an  axis  at  o. 
This  short  lever  is  armed  at  its 
lower  end  with  a  tooth  or  pallet  m-, 
whose  office  is  to  stop  the  move- 
ment of  a  toothed  wheel,  attadied 
to  the  axis  of  the  revolving  fena 
When  tbe  current  is  passing  in  full  strength,  the  electro-magnet 
holds  down  the  armature,  thus  causing  the  pallet  to  lock  the  teeth 
r,  which  becomn  mitSB^i^ 


Fi(.  ill.— nnboeq'i  BignlUor. 
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of  the  wheel  and  hinder  the  machiDery  from  moving;  but  as  the 
carbons  bum  away,  tbe  resist- 
ance increases,  the  current  di- 
minbhes,  and  the  strength  of 
the  electro-magnet  Mis  off,  until 
the  opposing  spring  is  able  to 
overpower  it  and  raise  the  ar- 
mature. This  unlocks  the  pallet 
from  the  wheel,  and  the  racks 
are  according^  driven  forward, 
thus  bringing  the  carbons  nearer 
together,  and  increasing  the  cur- 
rent imtil  the  electro- magnet 
acquires  sufficient  power  to  pre- 
vail over  the  ppposing  spring 
and  lock  the  wheel-work  f^in. 

A  small  lever  is  provided,  for 
stopping  or  starting  the  motion 
by  hand.  The  armature  can 
also  be  screwed  up  or  down,  so 
08  to  regulate  its  minimum  dis- 
tance from  the  electro-magnet 
according  to  the  battery  power 
employed.  The  mechanism  is 
inclosed  in  a  metallic  box,  one 
aide  of  which  can  be  removed 
when  it  is  desired  to  obtain  ac- 
cess to  the  interior, 

578.  Foueanlt'B  Begclator. — 
Foucault's  latest  form  of  regu- 
lator difieis  from  Duboscq's  in 
having  two  systems  of  wheel- 
work,  one  for  bringing  the  car- 
bons nearer  together,  and  the 
other  for  moving  them  further 
apart  Fig.  513  represents  the 
apparatus,  with  the  omission  of 

a  few  intermediate  wheels,     L'  ^^^  (is.-Fooi!Hiift  ingnuiop 

is  a  barrel  driven  by  a  spring 
inclosed  within  it,  and  driving  several  Tn terra ediate  wheels  which 
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transmit  its  motion,  to  the  fly  o.  L  is  the  second  barrel,  driven  by  a 
stronger  spring,  and  driving  in  like  manner  the  fly  o.  The  racks 
which  carry  the  carbons  work  with  toothed  wheels  attached  to  the 
barrel  L',  the  wheel  for  the  positive  carbon  having  double  the  diameter 
of  the  other,  as  in  Duboscq*s  arrangement  above  described  The 
current  enters  at  the  binding-screw  C,  traverses  the  coil  of  the  electro- 
magnet E,  and  passes  through  the  wheel-work  to  the  rack  D,  which 
carries  the  positive  carbon.  From  the  positive  carbon  it  passes 
through  the  voltaic  arc  to  the  negative  carbon,  and  thence,  throagh 
the  support  H,  to  the  binding-screw  connected  with  the  negative 
pole  of  the  battery. 

When  the  armature  F  descends  towards  the  magnet,  the  other  arni 
of  the  lever  FP  is  raised,  and  this  movement  is  resisted  by  the  spiral 
spring  B.,  which,  however,  is  not  attached  to  the  lever  in  question, 
but  to  the  end  of  another  lever  pressing  on  its  upper  side  and  movable 
about  the  point  X.  The  lower  side  of  this  lever  is  curved,  so  that  its 
point  of  contact  with  the  first  lever  changes,  giving  the  spring  greater 
or  less  leverage  according  to  the  strength  of  the  current  In  virtue 
of  this  arrangement,  which  is  due  to  Robert  Houdin,  the  armature, 
instead  of  being  placed  in  one  or  the  other  of  two  positions,  as  in  the 
ordinary  forms  of  apparatus,  has  its  position  accuiutely  regulated 
according  to  the  strength  of  the  current.  The  anchor  T^  is  rigidly 
connected  with  the  lever  F  P,  and  follows  its  oscillations.  If  the 
current  becomes  too  weak,  the  head  i  moves  to  the  right,  stops  the 
fly  o'  and  releases  o,  which  accordingly  revolves,  and  the  carbons  are 
moved  forward.  If  the  current  becomes  too  strong,  o  is  stopped,  o' 
is  released,  and  the  carbons  are  drawn  back.  When  the  anchor  T^ 
is  exactly  vertical,  both  flies  are  arrested,  and  the  carbons  remain 
stationary.  The  curvature  of  the  lever  on  which  the  spring  acts 
being  very  slight,  the  oscillations  of  the  armature  and  anchor  are 
small,  and  very  slight  changes  in  the  strength  of  the  current  and 
brilliancy  of  the  light  are  immediately  corrected.  The  details  of  the 
mechanism  contain  some  ingenious  devices,  which  our  limits  do  not 
permit  us  to  explain. 

578  a.  Peltier  Effect. — When  a  cuiTent  is  sent  through  a  hetero- 
geneous circuit,  a  peculiar  thermal  effect  occurs  at  each  junc- 
tion. We  have  seen,  in  Chap,  xlv.,  that  the  heating  of  a  junction 
in  such  a  circuit  tends  to  produce  a  current  in  a  definite,  direc- 
tion. It  was  discovered  by  Peltier  that  if  a  current  be  sent 
through  the  junction  in  that  direction,  the  junction  will  be  codUJ 
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by  it,  and  that  it  will  be  warmed  by  a  current  sent  in  the  opposite 
direction. 

If,  for  example,  a  current  from  a  battery  is  sent  through  an 
ordinary  thermo-pile,  the  junctions  at  one  end  will  rise  in  tempera- 
ture, and  those  at  the  other  end  will  be  depressed.  If  the  battery 
be  then  removed,  and  a  galvanometer  substituted,  a  current  in  the 
opposite  direction  to  the  former  will  be  indicated  by  the  galvano- 
meter, until  equality  of  temperature  has  been  restored. 

The  Peltier  effect,  as  it  is  called,  is  superadded  to  the  general 
warming  due  to  the  overcoming  of  resistance  in  the  circuit,  so  that 
the*  actual  temperature  attained  by  a  junction  depends  on  both 
causes  combined. 
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679.  EleGtro-magnetiG  EngineB. — Electro-magnetic  engines  are 
driven  by  means  of  the  temporary  magnetization  of  soft  iron  under 
the  influence  of  a  current  This  magnetization  can  be  destroyed  or 
reversed  with  great  rapidity;  and  it  is  thus  possible  to  produce 
alternate  movements  of  an  armature,  which  can  be  readily  trans- 
formed into  other  movements  by  ordinary  mechanism.  Since  1834, 
when  Jacobi  of  St.  Petersburg  constructed  the  first  engine  of  this 
kind,  many  other  inventors  have  tried  their  powers  in  the  same 
direction ;  but  none  of  these  attempts  have  been  commercially  sue- 
cessful,  and  the  idea  of  employing  such  engines  for  any  useful  purpose 
is  now  almost  abandoned. 

The  chief  reason  for  this  want  of  success  is  the  greater  cost  of  tbe 
material  consumed  as  compared  with  the  fuel  of  other  en^es.  A 
pound  of  zinc  costs  about  fifty  times  as  much  as  ft  pound  of  coal,  and 
if  the  full  equivalent  in  the  form  of  work  could  be  obtained,  both  for 
the  coal  burned  in  a  furnace  and  for  the  zinc  consumed  in  a  batter}', 
a  pound  of  coal  would  yield  four  times  as  much  work  as  a  pound  of 
zina  Hence,  if  the  '*  efficiency*'^  of  a  heat-engine  and  of  an  electric 
engine  be  the  same,  the  cost  of  performing  a  given  quantity  of  work 
will  be  200  times  greater  for  the  electric  engine  than  for  the  other. 
It  appears,  however,  that,  as  regards  efficiency,  the  electro-magnetic 
engine  may  have  an  advantage  of  about  4  to  1.  This  would  make 
its  work  only  50  times  as  expensive  as  that  of  a  steam-engine. 

Again,  inasmuch  as  magnetic  attractions  decrease  very  rapidly 
with  increase  of  distance,  it  is  necessary  for  efficient  working  tliat 

^  Thai  ia  to  say,  the  ratio  of  the  energy  utilized  to  the  whole  eneigy  expended.  Hub  ii 
the  "effidenoy  of  an  engine**  in  the  broadest  sense.  The  "efficiency"  of  Chap,  zxm 
is  sometimes  called,  by  way  of  distinction,  the  "efficiency  of  the  working  flmd." 
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the  travel  of  tlie  driving  parts  should  be  very  amalL  This  is  incon- 
venient from  a  mechanical  point  of  view. 

Lastly,  as  we  shall  see  in  a  later  chapter,  the  movement  of  con- 
ductors in  a  strong  magnetic  field  causes  induced  currents  which 
strongly  oppose  the  motion. 

We  shall  proceed  to  describe  two  of  the  most  successful  electro- 
magnetic engines  which  have  yet  been  constructed. 

680.  Bonrbouae'e  Engine.— In  the  engine  of  M.  Bourbouze  (Fig. 
514)  the  armatures  have  a  reciprocating  motion.     There  are  two 


helices,  having  soft-iron  cores  in  their  interior  for  the  lower  half  of 
their  length.  Two  soft-iron  rods  or  plungers  travel  up  and  down  in 
the  space  above  the  cores,  pjid  are  jointed  to  a  beam  which,  by  means 
of  a  connecting-rod  and  crank,  turns  a  fly-wheel.  The  positive  pole 
of  a  battery  is  permanently  connected  with  a  sliding  piece  of  metal 
which  travels  to  and  Iro  horizontally,  so  as  to  be  connected  with  a 
terminal  of  the  left-hand  or  of  the  right-hand  coil,  according  as  it  is 
on  the  left  or  the  right  of  its  middle  position.  The  upper  terminals 
of  both  coils  are  permanently  connected  with  the  negative  pole  of  the 
battery.  The  reciprocating  movement  of  the  slider  is  produced  by 
an  eccentric  on  the  axis  of  the  fly-wheel,  like  the  movement  of  the 
slide-valve  in  a  steam-engine. 

In  the  position  represented  in  the  figure,  the  eccentric  and  slider 
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are  nearly  at  the  extremity  of  their  range  to  the  leiL  The  left 
plunger  is  then  at  the  middle  of  its  down-atroka  When  it 
reaches  the  bottom,  the  aliding-piece  vill  be  io  the  centre  of  its 
travel,  and  the  left-hand  coil  will  just  have  been  disconnected. 
Immediately  afterwards,  the  right-hand  coil  will  be  brought  into 
circuit,  ito  plunger  being  at  the  summit  of  its  path ;  and  it  will  con- 
tinue ia  circuit  till  the  plunger  ia  nearly  at  the  bottom.  The  electro- 
ma^ets  are  thus  made  and  unmade  whenever  the  eccentrio  passes 
its  highest  and  lowest  positions.  On  account  of  the  shortness  of 
the  stroke,  the  beam  is  prolonged  to  a  considerable  distance  before 
attaching  to  it  the  connecting-rod  which  drives  the  crank. 

S81.  Piomeat'e  Hagine. — Froment's  is  a  rotatory  engine.     It  may 


be  described  as  conaiating  of  a  wheel,  with  eight  armatures  of  aofc 
iron  attached  to  its  circumference  at  intervals  of  45°,  rotating  onder 
the  action  of  four  electro-magnets  fixed  to  a  cast-iron  &ame  at  inter- 
vals of  60°.  Each  magnet  ia  "made"  when  an  armature  comes 
within  15°  or  20°  of  it,  and  "unmade"  as  the  armature  is  paadng  it. 
The  making  and  breaking  of  the  circuits  is  effected  by  means  of 
three  distributors,  one  of  which  is  shown  on  an  enlarged  scale  iii 
Fig..516.  B  ia  an  eight-toothed  wheel,  fixed  to  the  axis  on  which 
the  armatures  revolve,  and  turning  with  them.     Each  toofii,  as  it 


trt 
Fig.  016.— Distributor. 
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passes  the  roller  r,  pushes  it  away,  and  brings  the  studs  m'  m  into 
contact  As  long  as  they  remain  in  contact,  the  current  circulates 
through  the  coil  with  which  the  distributor  is  connected.  The  dis- 
tributors are  screwed  into  a  metallic  arc,  which  is  constantly  con- 
nected with  one  pole  of  the 
battery.  One  of  them  serves 
for  the  two  opposite  horizon- 
tal magnets,  which  are  made 
and  unmade  together.  The 
two  lower  magnets  have  one 
distributor  apiece.  Matters 
are  so  arranged  that  the  current  is  not  cut  off  from  one  coil  till  just 
after  it  has  commenced  to  flow  in  the  next.  This  precaution  prevents, 
or  at  least  mitigates,  the  induction -spark  which  (for  reasons  to  be 
hereafter  explained)  generally  occurs  in  breaking  circuit,  and  which 
has  the  mischievous  effect  of  oxidizing  the  contacts,  and  thus,  after  a 
time,  deranging  the  movementa 

682.  Electric  Telegraph:  History: — The  discovery  that  electricity 
could  be  transmitted  instantaneously  to  great  distances,  at  once 
suggested  the  idea  of  employing  it  for  signalling.  Bishop  Watson, 
already  referred  to  in  §  466,  performed  several  experiments  of  this 
kind  in  the  neighbourhood  of  London,  the  most  remarkable  being 
the  transmission  of  the  discharge  of  a  Leyden-jar  through  10,600 
feet  of  wire  suspended  between  wooden  poles  at  Shooter's  HilL 
This  was  in  1 747.  A  plan  for  an  alphabetical  telegraph  to  be  worked 
by  electricity  is  minutely  described  in  the  Scofa  Magazine  for  1753, 
but  appears  to  have  been  never  experimentally  realized.  Lesage,  in 
1774,  erected  at  Geneva  a  telegraph  line,  consisting  of  twenty- four 
wires  connected  with  the  same  number  of  pith-ball  electroscopes, 
each  representing  a  letter.  Beusser,  in  Germany,  proposed,  in  the 
same  year,  to  replace  the  electroscopes  by  spangled  panes  exhibiting 
the  letters  themselves.  The  difficulty  of  managing  frictional  electri- 
city was,  however,  sufficient  to  prevent  these  and  other  schemes 
founded  on  its  employment  from  yielding  any  useful  results.  Volta's 
discoveries,  by  supplying  electricity  of  a  kind  more  easily  retained 
on  the  conducting  wires,  afforded  much  greater  facilities  for  trans- 
mitting signals  to  a  distance. 

Several  suggestions  were  made  for  receiving-apparatus  to  exhibit 
the  effects  of  the  currents  transmitted  from  a  voltaic  battery. 
Sommering  of  Munich  in  1811  proposed  a  telegraph,  in  which  the 
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signals  were  given  by  the  decomposition  of  water  in  thirty-five 
vessels,  each  connected  with  a  sepai-ate  telegraph  wire,  Ampere,  id 
]  820,  proposed  to  utilize  (Ersted's  discovery,  by  employing  twenty- 
four  needles,  to  be  deflected  by  currents  sent  through  the  same  number 
of  wires;  and  Baron  Schilling  exhibited  in  Russia,  in  1832,  a  tele- 
graphic model  in  which  the  signals  appear  to  have  been  given  by  the 
deflections  of  a  single  needle.^ 

Weber  and  Gauss  carried  out  this  plan  in  1833,  by  leading  two 
wires  from  the  observatory  of  Gottingen  to  the  Physical  C^binet^  a 
distance  of  about  9000  feet  The  signals  consisted  in  small  ie&bo- 
tions  of  a  bar-magnet,  suspended  horizontall}'^  with  a  mirror  attached, 
on  the  plan  since  adopted  in  Thomson's  mirror  galvanometer. 

At  their  request  the  subject  was  earnestly  taken  up  by  Professor 
Steinheil  of  Munich,  whose  inventions  contributed  more  perhaps  than 
those  of  any  other  single  individual  to  render  electric  tel^raphs 
commercially  practicable.  He  was  the  first  to  ascertain  that  earth- 
connections  might  be  made  to  supersede  the  use  of  a  return  wire. 
He  also  invented  a  convenient  telegraphic  alphabet,  in  which,  as  in 
'most  of  the  codes  since  employed,  the  difierent  letters  of  the  alphabet 
are  represented  by  diflferent  combinations  of  two  elementary  signak 
Two  needles  were  employed,  one  or  the  other  of  which  was  deflected 
according  as  a  positive  or  a  negative  current  was  sent,  the  deflections 
being  always  to  the  same  side.  Sometimes  the  needles  were  merely 
observed  by  eye,  sometimes  they  were  made  to  strike  two  bells,  and 
sometimes  to  produce  dots,  by  means  of  capillary  tubes  charged  with 
ink,  on  an  advancing  strip  of  paper,  thus  leaving  a  permanent  record 

^  The  contributions  of  Mr.  (now  Sir  Francis)  Ronalds  to  the  art  of  tel^[raphy  most  not 
be  altogether  overlooked.  According  to  an  able  notice  in  Nature^  Not.  2S,  1871, 
''Sir  Francis,  before  1823,  sent  intelligible  messages  through  more  than  oght  mikiof 
wire  insulated  and  suspended  in  the  air.  His  elementary  signal  was  the  diveigence  of  the 
pith-baUs  of  a  Canton's  electrometer  produced  by  the  communication  of  a  statical  cbsife 
to  the  wire.  He  used  synchronous  rotation  of  lettered  dials  at  each  end  of  the  hne,  ttod 
charged  the  wire  at  the  sending  end  whenever  the  letter  to  be  indicated  passed  an  opening 
provided  in  a  cover;  the  electrometer  at  the  far  end  then  diverged,  and  thus  informed  Uie 
receiver  of  the  message  which  letter  was  designated  by  the  sender.  The  dials  nsfer 
stopped,  and  any  slight  want  of  synchronism  was  corrected  by  moving  the  oovra*.  Hu^ki' 
printing  instrument  is  the  fully-developed  form  of  this  rudimentary  instrument  A  gss 
pistol  was  used  to  draw  attention,  just  as  now  a  bell  is  rung.  The  primary  idea  of  revene 
currents  is  to  be  found  where  Sir  Francis  suggests  that  the  wire  when  charged  with  poa- 
tive  electricity  should  discharge  not  to  earth  but  into  a  battery  negatively  chaigcd. 
Equity  interesting  is  the  discussion  on  what  we  now  call  lateral  induction,  then  ksovn 
as  compensation.  The  author  clearly  saw  that  in  the  underground  wires  whidi  he  suggests 
as  substitutes  for  aerial  lines,  this  induction  would  be  or  might  be  a  cause  of  retardatiiSB." 
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on  the  strip  in  the  shape  of  two  rows  of  dota     His  currents  were 
magneto-electric,  like  those  of  Weber  and  Gauss. 

The  attraction  of  an  electro-magnet  on  a  movable  armature  fur- 
nishes another  means  of  signalling.  This  was  the  foundation  of 
Morse's  telegraphic  system,  and  was  employed  by  Wheatstone  for 
ringing  a  bell  to  call  attention  before  transmitting  a  message. 

About  the  year  1837  electric  telegraphs  were  first  established  as 
commercial  speculations  in  three  different  countries.  Steinheil's 
system  was  carried  out  at  Munich,  Morse's  in  America,  and  Wheat- 
stone  and  Cooke's  in  England  The  first  telegraphs  ever  constructed 
for  commercial  use  were  laid  down  by  Wheatstone  and  Cooke,  on  the 
London  and  Birmingham  and  Great  Western  Railways.  The  wires, 
which  were  buried  in  the  earth,  were  five  in  number,  each  acting  on 
a  separate  needle;  but  the  expensiveness  of  this  plan  soon  led  to  its 
being  given  up.  The  single-needle  and  double-needle  telegraphs  of 
the  same  inventors  have  been  much  more  extensively  used,  the  former 
requiring  only  one  wire,  and  the  latter  two. 

Wheatstone  (now  Sir  Charles  Wheatstone)  has  since  contributed 
several  important  inventions  to  the  art  of  telegraphy,  some  of  which 
we  shall  have  occasion  to  mention  in  later  sections. 

583.  Batteries. — All  the  public  telegraphs  in  this  country  have 
now  for  many  years  been  worked  by  voltaic  currents ;  the  magneto- 
electric  system,  which  was  tried  on  some  lines,  having  been  found 
to  involve  a  needless  expenditure  of  labour. 

According  to  Mr.  CuUey,^  engineer-in-chief  to  the  post-ofiioe,  the 
battery  which  has  been  adopted  by  the  authorities  of  that  depart- 
ment is  a  modified  DanielFs,  consisting  of  a  teak  trough,  divided 
into  cells  by  plates  of  glass  or  slate,  and  well  coated  with  marine 
glue,  each  cell  being  divided  into  two  by  a  slab  of  porous  porcelain. 
The  zinc  plates  measure  4  inches  x  2,  and  the  copper  plates,  which 
are  very  thin,  are  4  inches  square.  The  zinc  hangs  at  the  upper  part 
of  its  cell,  which  is  filled  with  dilute  solution  of  sulphate  of  zina 
The  copper  cell  is  fiUed  with  a  saturated  solution  of  sulphate  of 
copper,  and  crystals  of  this  salt  are  placed  at  the  bottom.  The 
expenditure  in  sulphate  of  copper  is  about  a  pound  and  a  half  for 
each  cell  per  annum. 

684.  Wires. — The  wires  for  land  telegraphs  are  commonly  of  what 
is  called  galvanized  iron,  that  is,  iron  coated  with  zinc,  supported  on 
posts  by  means  of  glass  or  porcelain  insulators,  so  contrived  that  some 

^  Handbook  of  Practical  Telegraphy ,  edition  1871,  p.  19. 
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part  of  the  porcelain  surface  is  sheltered  from  rain,  and  insulates  tbe 
wires  from  the  posts  even  ia  wet  weather.     Wires  thos  saspended 
are  called  air-linea. 

Underground  wires  are,  how- 
ever, sometimes  employed  They 
axe  insulated  by  a  coating  of 
gutta-percha,  and  are  usually  hud 
in  pipes,  an  arrangement  which 
admits  of  their  being  repaired  or 
renewed  without  opantng  the 
ground  except  at  the  drawing-iii 
boxes.  There  is  less  leakage  of 
electricity  from  subterraoeui 
than  from  air  lines,  but  their  cost 
is  greater,  and  tbey  are  less  soiled 
for  rapid  signalling,  on  acconDt 
of  the  retardation  caused  by  tite 
inductive  action  between  tbe 
wire  and  the  conducting  eaith, 
Fit-  si7.-TnsiJaior»,  which  18  similar  to  that  between 

the  two  coatings  of  a  Leydenjar 
The  early  inventors  of  electric  telegraphs  supposed  that  a  caneot 
could  not  be  sent  from  one  station  to  another  without  a  return  wire 
to  complete  the  circuit.  Steinheil,  while,  conducting  experiments  on 
a  niilway,  with  the  view  of  ascertaining  whether  the  rails  couM  be 
employed  as  lines  of  telegraph,  made  the  discovery  that  the  earth 
would  serve  instead  of  a  return  wire,  and  with  the  advantage  of 
diminished  resistance;  the  earth,  in  fact,  behaving  like  a  return  wire 
of  infinitely  great  cross-section,  and  therefore  of  no  resiatance. 

We  are  not,  however,  to  suppose  that  the  current  really  returns 
from  the  receiving  to  the  transmitting  station  throi^h  the  earth. 
The  duty  actually  performed  by  the  earth  consists  in  draining  off  the 
opposite  electricities  which  would  otherwise  accumulate  in  the  ter- 
minals. It  keep.^  the  two  terminals  at  tbe  same  potential;  and  u 
long  as  this  condition  is  fulfilled,  the  current  will  have  the  same 
strength  as  if  the  terminals  were  in  actual  contact 

584a.  Single-needle  Telsgrraph. — One  of  tbe  best  known  tele- 
graphs in  this  country,  though  little  or  not  at  all  employed  ebewbere, 
is  the  single-needle  instrument  of  Wlieatstone  and  Cooke,  represented 
in  Figa  5 1 7  a,  b,  the  former  showing  its  external  appearance,  and  the 
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latter  its  internal  arrangements  as  seen  from  behind.  Tbe  needle, 
which  is  visible  in  front,  is  one  of  an  astatic  pair,  its  fellow  being  in 
the  centre  of  tbe  coil  CC.  When  the  handle  H  hangs  straight  down, 
the  instmraeot  is  in  the  position  for  receiving  signals  from  another 
station.      The  current  fixjra  the  line-wire  enters  at  L,  and,   after 
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traversing  tbe  coH  and  deflecting  the  needle,  escapes  through  the 
earth- wire  E,  having  taken  in  its  course  the  two  tall  contact-springs 
ft. 

To  send  a  current  to  another  station,  the  handle  H  is  moved  to  one 
side,  and  the  current  sent  will  be  positive  or  negative  according  to 
the  side  to  which  tbe  handle  is  moved.  The  handle  turns  the  cylin- 
drical arbor  a  h,  which  is  divided  electrically  into  two  parts  by  an 
insulator  in  the  middle  of  its  length.  Each  of  the.se  parte  has  a  pin 
projecting  from  it,  one  pin  being  above,  and  the  other  below.  Thest 
are  vertical  when  the  handle  ia vertical, and  are  then  doing  no  duty; 
but  when  the  handle  is  put  to  one  side,  the  upper  pin  (which  \s 
attached  to  b)  makes  contact  with  one  of  the  tall  springs  tt',  at  the 
same  time  pushing  it  away  from  the  metallic  rest  k,  and  thus  putting 
it  out  of  connection  with  the  other  tall  spring;  white  the  lower  pin 
(which  is  attached  to  a)  makes  contact  with  one  of  two  short  springs 


718  ELECTBO-MOTOBS — TELEOEAPHa 

T  T,  only  one  of  which  is  shown  in  the  figure.  There  is  permanent 
conoectioQ  between  a  and  the  negative  pole  of  the  batteiy  through 
the  spring  s,  and  between  b  and  the  positive  pole  through  the  spring  /. 
In  the  position  represented  in  the  figure,  a  serves  to  connect  the 
negative  pole  of  the  battery  with  the  earth,  and  6  serves  to  connect 
the  positive  pole  with  the  spring  t',  down  which  the  current  passes 
from  the  point  of  contact  of  the  pin,  and  then  through  the  coil  to  the 
line-wire  at  L  The  needle  of  the  sending  station  is  thus  deflected 
to  the  same  side  as  that  of  the  receiving  station. 

If  the  handle  were  moved  to  the  other  side,  b  would  serve  to  con- 
nect the  positive  pole  with  the  earth,  and  a  would  establish  connec- 
tion between  the  negative  pole  and  the  coil,  which  is  itself  connected 
with  the  line-wire. 

Since  the  telegraphs  of  this  country  came  into  the  hands  of  the 
post-office,  the  alphabet  devised  by  Wheatstone  and  Cooke  has  been 
given  up,  and  the  Morse  alphabet,  which  we  give  in  a  Uter  section, 
adopted  in  its  place.  In  the  Morse  alphabet,  which  is  now  the 
telegiaphic  alphabet  of  all  nations,  the  shortest  signs  are  allotted  to 
those  letters  which  occur  most  frequently.  This  was  not  the  case 
with  the  old  needle- alphabet,  which  was  rather  planned  with  the 
view  of  assisting  the  memory ;  and  experience  has  shown  that  sacb 
assistance  Ib  quite  unnecessary.  The  needle  instniment  is  also,  to  a 
great  extent,  being  superseded  by  Morse's  instrument 

S85.  Dial  Telegraphs. 
— Telegraphs  in  which 
the  ordinary  letters  of 
the  alphabet  are  ranged 
round  the  circumfer- 
ence of  a  dial  and  are 
pointed  at  by  a  revolv- 
ing hand,  are  specially 
convenient  for  those 
who  are  not  profes- 
sional telegraphists 
They  are   constructed 

_  onthe  principleof  step- 

by-step     motion,    the 
"      '  •  »  »    ■  htaxd   being  advanced 

by  successive  steps,  each  representing  one  current  sent  or  stopped. 
One  of  the  simplest  instruments  of  this  class  is  Breguet's,  which 
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is  extensively  used  on  the  French  railwnya  Fig.  518  represents  the 
exterior  of  the  receiving  instrument  The  diaJ  is  inscribed  with  the 
35  letters  of  the  French  alphabet  and  a  cross,  making  26  signals  in 
all  The  hand  fas  in  other  step-by-step  telegraphs)  advances  onlj- 
in  one  direction,  which  is  the  same  as  that  of  the  hands  of  a  clock, 
stopping  before  each  letter  which  is  to  be  indicated,  and  pointing  to 
the  cross  at  the  end  of  each  word.     Fig.  519  shows  the  mechanism 


by  which  the  motion  is  produced.  A  is  the  armature  of  an  electro- 
magnet, the  magnet  itself  being  removed  in  the  figure,  to  allow  the 
other  parts  to  be  better  seen.  The  two  dotted  circles  traced  on  the 
annature  represent  vertical  sections  of  the  two  coils,  which  rest  on  the 
bottom  of  the  box,  and  have  tlieir  axes  horizontal  If  introduced, 
they  would  nearly  conceal  the  armature  from  view.  The  armature 
turns  about  a  horizontal  axis  VV,  and  is  attached  to  an  opposing 
.spring  which  draws  it  hack  from  the  magnet.  The  tension  of  this 
spring  can  be  regulated  by  means  of  a  lever  acted  on  by  a  key  outside 
the  box.  When  a  current  is  sent,  the  armature  is  attracted  to  the 
magnet;  when  the  current  ceases,  tbe  spring  draws  it  back;  and  it 
thus  moves  continually  to  and  fro  during  the  transmission  of  a  mes- 
sage. An  upright  arm  I  is  attached  to  the  armature,  and  carries  a 
horizontal  arm  c,  which  lies  between  the  two  prongs  of  ^  fork  d, 
represented  on  a  larger  scale  in  Fig.  520.  This  fork  vibrates  about 
a  horizontal  axis  ab,to  which  is  attached  the  vertical  pallet  i.    This 
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pallet  acts  upon  an  escapement  wheel  0,  toothed  in  a  peculiar  way, 
the  thickness  of  the  teeth  being  only  half  the  thickness  of  the  wheel, 
and  the  teeth  on  one  half  of  the  thickness  being  opposite  the  spaces 
on  the  other  half  The  total  number  of  teeth  is  20,  thirteen  on  each 
half  of  the  thickness. 

When  no  cun-ent  is  passing,  the  pallet  i  is 
engaged  with  one  of  the  teeth  on  the  remote 
side,  as  represented  in  Fig  520.     When  a  cur- 
rent passes,  the  armature  is  attracted,  and  the 
pallet  is  moved  over  to  the  near  side,  thus  re- 
leasing the  tooth  with  which  it  was  previously 
engaged,  and  becoming  engaged  with  the  next 
tooth  on  the  near  side  of  the  wheeL    l^e  wheel, 
which  is  urged  by  a  clock-movement,  thus  ad- 
FK.  Ko.— aapmeni.        Vances  .J  J  of  a  revolution ;  and  the  hand  oiji  the 
dial,  being  attached  to  the  wheel,  moves  for- 
ward one  letter.     When  the  current  ceases,  the  pallet  moves  back  to 
the  remote  side,  and  the  hand  is  advanced  another  letter.     If  the 
hand  is  initially  at  the  cross,  it  will  be  advanced  to  any  required 
letter  by  so  arranging  matters  that  the  number  of  currents  plus  the 
number  of  interruptions  shall 
be  equal  to  the  number  de- 
noting the  place  of  the  letter 
in  the   alphabet     To  effect 
this  arrangement  is  the  office 
of  the  sending  instrument. 

fi86.  Sending:  InBtnuuent 
— ^This  is  represented  in  Fig. 
521.  There  is  a  diaJ  in- 
scribed with  25  letters  and 
a  cross,  like  that  of  the  re- 
ceiving instrument,  and  an 
arm  which  can  be  carried 
round  the  dial  by  a  handle 
M.  There  are  26  notches 
F\f.  tai.-BrcsuH'g  Muipniaior  cut  tu  the  edge  of  the  dial, 

'  in  which  a  pin  attached  to 
the  movable  arm  catches;  and  the  arm  b  allowed  sufficient  play  to 
and  from  the  face  of  the  dial  to  admit  of  this  pin  being  easily  released 
or  inserted.    When  the  pin  is  in  one  of  the  notches,  the  instrument 
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ie  in  portion  for  traDSmittilig  the  corresponding  letter.  The  action 
is  as  follows: — 

A  toothed  or  rather  undulated  wheel  is  fixed  on  the  same  axis  as 
the  revolving  arm,  and  tuma  with  it  There  are  13  projections  and 
13  hollows  on  its  circamference,  a  few  of  which  are  shown  in  the 
figure  where  the  face  is  cut  away.  A  hent  lever  T,  movable  about 
an  axis  at  a,  bears  at  one  end  against  the  circumference  of  the 
undulated  wheel,  while  ita- other  end  plays  between  two  points  P,  Q, 
and  is  in  contact  with  one  or  other  of  these  points  whenever  its  upper 
end  bears  against  a  hollow  or  a  projection.  P  is  in  connection  with 
a  battery,  and  Q  with  the  earth,  the  undulated  wheel  being  in 
connection  with  the  line-wire.  The  movement  of  the  handle  thus 
produces  the  requisite  number  of  currents  and  interruptiona. 

667.  Aloram.— Besides  the  seoding  and  receiving  apparatus  above 
described,  each  station  has  an  ataru-m,  which  is  employed  to  call 
attention  before  sending  a  despatch.  There  are  several  different 
kinds.  Fig.  522  represents  the  vibrating  ala/rum,  which  is  one  of 
the  simplest.  It  contains  an  electro-magnet  e,  with  an  armature  / 
fixed  to  the  end  of  an  elastic  plate.  When  no  current  ie  passing 
through  the  coil,  the  armature 
is  held  back  by  the  elasticity  "^ 

of  this  plate,  so  as  to  press 
Against  a  contact-spring  g  con- 
tiected  with  the  binding-screw 
m.  The  terminals  of  the  coil 
are  at  the  binding-screws  p,  p', 
the  former  of  which  is  in  con- 
nection with  the  armature,  and 
the  latter  with  the  earth.  As 
long  as  the  armature  presses 

against  the  spring  g,  there  is  Fig.  ua. -viintisf  Ajanun. 

communication    between    the 

two  binding-screws  m  and  p'  through  the  coil ;  but  the  pasedng  ol 
a  current  produces  attraction  of  the  armature,  which  draws  it  away 
from  g  and  interrupts  the  current.  The  electro-magnet  is  thus  de- 
magnetized, and  the  armature  springs  back  against  ^,  so  as  to  allow 
a  fresh  current  to  pass.  The  armature  is  thus  kept  in  continual 
vibration ;  and  a  hammer  K,  which  it  carries  above,  produces  re- 
peated strokes  on  a  bell  T. 

687a.  Wheatstone's  Universal  Telegraph. — The  first  step-by-step 
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telegraph  was  invented  by  Wheatstone ;  and  the  most  perfect  instra- 
ment  of  the  class  is  probably  his  "  Universal  Telegraph,"  which  is 
now  in  such  general  use  in  this  country  for  connecting  places  of 
business.  The  currents  employed  are  magneto-electric,  and  are  alter- 
nately positive  and  negative.  They  produce  successive  reversals  of 
polarity  in  an  electro-magnet,  which  acts  upon  a  light  steel  magnet— 
a  kind  of  astatic  needle — and  causes  it  to  rotate  through  a  laige 
angld  first  in  one  direction,  and  then  in  the  opposite.  Each  of  these 
rotations  causes  a  ratchet-wheel  to  advance  one  tooth,  and  this 
causes  the  pointer  to  advance  one  letter.  At  the  same  time,  the 
turning  of  the  handle  by  which  the  cuiTents  are  generated,  causes 
the  pointer  of  the  sending  instrument  to  advance  one  letter  for  each 
current  sent,  so  that  the  pointers  at  the  two  stations  indicate  the 
same  letter.  The  same  dial  which  serves  for  sending,  also  serves  for 
receiving.  It  is  surrounded  by  a  number  of  keys  or  buttons,  one 
against  each  letter.  When  any  letter  is  to  be  sent,  its  key  is 
depressed,  the  operator  continuing  all  the  time  to  turn  the  handle 
for  generating  current&  Previous  to  putting  down  a  key,  these 
currents  complete  their  circuit  within  the  instrument;  but  when  a 
key  is  down,  every  current  generated  travels  along  the  line  to  the 
receiving  station,  until  the  pointers  have  been  advanced  step  by  step 
to  the  corresponding  letter.  As  soon  as  this  has  been  reached,  the 
currents  are  again  confined  to  the  sending  instrument;  and  the 
pointers  will  make  no  further  advance  till  another  key  is  put  down.^ 

588.  Morse's  Telegraph. — Morse's  apparatus,  first  tried  in  America 
about  1837,  is  now  perhaps  the  most  extensively  used  of  all. 

His  receiving  instrument,  or  iTidicator,  in  its  primitive  simplicity, 
consists  (Fig.  523)  of  an  electro-magnet,  a  lever  movable  about  ao 
axis,  carrying  a  soft-iron  armature  at  one  end,  and  a  pencil  at  the 
other,  and  a  strip  of  paper  which  is  dmwn  past  the  pencil  by  a  pair 
of  rollers. 

As  the  pencil  soon  became  blunt,  and  was  uncertain  in  its  marking, 
a  point,  which  scratched  the  paper,  was  substituted.  This  has  now 
to  a  great  extent  been  superseded  by  an  ink- writer,  which  requires 
the  exertion  of  less  force,  and  at  the  same  time  leaves  a  more  visible 
trace. 

589.  Receiving  Instniment. — Fig.  524  represents  Morse's  indicator 

^  For  the  details  of  the  mechanism,  refereooe  may  be  made  to  Wheatstone's  Patent^  Na 
1239  year  1858.  A  condensed  account  will  be  found  in  Sabine  on  the  Electric  TtUyravk^ 
pp.  82-84. 
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s  modified  by  Digney.     A  traia  of  clock-work,  not  shown  in  the 


figure,  drives  one  of  a  pair  of  rollers  titii,  which  draw  forward  a  strip 
of  paper  pp  forming  part  of  a  long  roll  K.    The  same  train  turns  the 


printing- cylinder  H,  the  surface  of  which  is  kept  constantly  charged 
■with  a  thick  greasy  ink  by  rolling-contact  with  the  ink-pad  L.    The 
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armature  B  B'  of  the  electro-magnet  A  is  mounted  on  an  axis  at  Q 
and  carries  a  style  at  its  extremity  just  beneath  the  printing-cylinder. 
When  a  current  passes,  the  armature  is  attracted,  and  the  style 
presses  the  paper  against  the  printing-cylinder,  causing  a  line  to  be 
printed  on  it,  the  length  of  which  depends  on  the  duration  of.  the 
current,  aS  the  paper  continues  to  advance  without  interruption. 
The  lines  actually  employed  are  of  two  lengths,  one  being  made  as 
short  as  possible  (-),  and  called  a  doty  the  other  being  about  three 
times  as  long  ( — )  and  called  a  ddsh.  The  opposing  spring  D  re- 
stores the  armature  to  its  original  position  the  moment  the  current 
cease& 

590.  Key  for  Transmitting. — Morse's  key  (Fig.  525)  is  simply  a 

brass  lever,  mounted 
on  a  hinge  at  A,  and 
pressed  up  by  the  spring 
/.  When  the  operator 
puts  down  the  key,  by 
pressing  on  the  button 
K  with  his  finger,  l^e 
projections  c  d  are 
brought  into  contact, 
and  a  current  passes 
from  the  battery-wire  P  to  the  line-wire  L  When  the  key  is 
up,  the  projections  ab  are  in  contact,  and  currents  arriving  by  the 
line-wu*e  pass  by  the  wire  B  to  the  indicator  or  the  relay.  By 
keeping  the  key  down  for  a  longer  or  shorter  time'  a  dash  or  a 
dot  is  produced  at  the  station  to  which  the  signal  is  sent  The  dash 
and  dot  are  combined  in  different  ways  to  indicate  the  different 
letters,  as  shown  in  the  following  scheme,  which  is  now  generally 
adopted  both  in  Europe  and  America: — 


1 

2 
3 
4 
5 
6 
7 
8 
9 
0 


Fig.  525.~Mone'sK^. 


Morse's  Alphabet. 

A  — 

J i           T  — 

•  • 

A 

K 

U 

B       --. 

L 

t) 

C 

M 

V 

D       .- 

N  — 

w 

E  . 

F  -.      - 

G 

H---. 

0— 

0 

p 

Q 

B 

X       -- 

Y 

Z 

Ch 

I  -- 

8  -  •  - 

Understood 
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A  space  about  equal  to  the  leogth  of  a  daeh  is  left  between  two 
letters,  and  a  space  of  about  twice  this  length  betweea  two  words. 

In  needle-telegraphs,  the  dot  is  represented  by  a  deflection  to  the 
lefl,  and  the  dash  by  a  deflection  to  the  rights 

Fig.  526  represents  Morse's  indicator  in  connection  with  what  is 
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called  a  relay;  that  is  to  say,  an  apparatus  which,  on  receiving  a 
feeble  current  from  a  distance,  sends  on  a  much  stronger  current  from 
a  battery  on  the  spot.  The  key  B  being  up,  a  current  arriving  by 
the  line-wire  passes  through  the  key  from  c  to  a,  thence  through 
another  wire  to  the  coil  of  the  electro-magnet  beloDging  to  the  relay, 
and  through  this  coil  to  earth.  The  electro-ma^et  of  the  relay 
attracts  an  armature,  the  contact  of  which  with  the  magnet  com- 
pletes the  circuit  of  the  local  battery,  in  which  circuit  the  coil  belong- 
ing to  the  indicator  is  included.  The  armature  of  the  indicator  is 
thus  compelled  to  follow  the  movementaof  the  armature  of  the  relay. 
Relays  are  used  when  the  currents  which  arrive  are  too  much 
enfeebled  to  ^ve  clear  indications  by  direct  action.  They  are  also 
frequently  introduced  at  intermediate  points  in  long  lines  which 
could  not  otherwise  be  worked  through  irom  end  to  end.  The 
analogy  of  this  use  to  change  of  horses  on  a  long  journey  is  the  origin 
of  the  name.  Relays  are  also  frequently  used  in  connection  with 
alarums  when  these  are  large  and  powerful 
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591.  Hughes'  Printing  Telegraph. — The  employment  of  Morses 
alphabet  requires  on  the  average  about  three  cunents  to  be  sent  per 
letter.  The  extension  of  telegraphic  service  has  stimulated  the 
industry  of  inventors  to  devise  means  for  obtaining  more  rapid 
transmission.  Hughes,  about  1859,  invented  a  system  which  requires 
only  one  current  to  be  sent  for  each  letter,  and  which,  accordingly, 
sends  messages  in  about  a  third  of  the  time  required  by  Morse's 
method.  Hughes'  machine  also  prints  its  messages  in  Roman  chju*- 
acters  on  a  strip  of  paper.  These  advantages  are,  however,  obtained 
at  the  expense  of  extreme  complexity  in  the  apparatus  employed. 
It  is  only  fit  for  the  use  of  skilled  hands;  but  it  is  extensively 
employed  on  important  lines  of  telegraph.  We  will  proceed  to 
indicate  the  fundamental  arrangements  of  this  marvellous  piece  of 
ingenuity. 

Fig.  527  is  a  general  view  of  the  machine.  It  is  propelled  by 
powerful  clock-work,  with  a  driving- weight  of  about  120  lbs.,  and 
with  a  regulator  consisting  of  a  vibrating  spring  I  acting  upon  a 
'scape-wheel.  A  travelling  weight  on  the  spring  can  be  moved 
towards  either  end  to  regulate  the  quickness  of  the  vibration&  The 
clock-work  drives  three  shafts  or  axes:  (1.)  the  type-shaft,  so  called 
because  it  carries  at  its  extremity  the  type-wheel  T,  which  has  the 
letters  of  the  alphabet  engraved  in  relief  on  its  circumference  at  equal 
distances,  except  that  a  blank  space  occurs  at  one  place  instead  of  a 
letter;  (2.)  the  printing-shaft,  which  turns  much  faster  than  the 
type-shaft,  making  sometimes  700  revolutions  per  minute,  and  cany- 
ing  the  fly-wheel  V.  These  two  axes  are  horizontal,  and  are  sepa- 
rately represented  in  Fig.  528 ;  (3.)  a  vertical  shaft  a,  having  the  same 
velocity  as  the  type- wheel,  which  drives  it  by  means  of  bevel- wheels. 

This  vertical  shaft  consists  of  two  metallic  portions,  insulated  from 
each  other  by  an  ivory  connecting-piece.  In  the  position  represented 
in  Fig.  528,  these  two  metallic  parts  are  electrically  connected  by 
means  of  the  screw  V,  but  they  will  be  disconnected  by  raising  the 
movable  piece  v. 

The  revolving  arm  composed  of  the  pieces  vv  is  called  the  chariot. 
It  revolves  with  the  vertical  shaft,  and  travels  over  a  disc  D  pierced 
with  as  many  holes  as  there  are  letters  on  the  type-wheel,  these  holes 
being  ranged  in  a  circle  round  the  base  of  the  shaft,  and  at  such  a 
distance  from  the  shaft  that  the  extremity  of  the  chariot  passes 
exactly"  over  them.  In  these  holes  are  the  upper  ends  of  a  set  of 
pins  g,  which  are  raised  by  putting  down  a  set  of  keys  BN  resem- 
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bling  those  of  a  piano.  When  the  chariot  passes  over  a  pin  wbicb  is 
thus  raised,  the  piece  v  is  lifted  away  from  t/,  and  the  current  from 
the  battery,  which  previously  passed  from  the  pin  through  v  and  ^ 
to  the  earth,  is  now  cut  otf  irom  t/,  and  passes  through  v  to  the 
electro-magnet,  and  thence  to  the  line-wire. 

This  is  the  process  for  sending  signals.  We  will  now  explain  how 
a  current  thus  sent  causes  a  letter  to  be  printed  by  the  type-wheels 
at  both  the  sending  and  receiving  stations,  the  sending  and  receiving 
instruments  being  precisely  alike. 

The  current  traverses  the  coils  of  an  electro-magnet  E  (Fig.  5iT„ 
beneath  which  is  a  permanent  steel  horse-shoe  magnet,  having  its 
poles  in  contact  with  the  soft-iron  cores  of  the  electro-magnet 
When  no  current  is  passing,  the  influence  of  the  steel  renders  diese 
cores  temporary  magnets,  and  enables  them  to  hold  the  movable 
armature  p  against  the  force  of  an  opposing  spring.  The  current  is 
in  such  a  direction  that  it  tends  to  reverse  the  ma^etism  induced 
by  the  steeL     It  is  not  necessary,  however,  that  it  should  be  stroDg 


Fig.  HIS.— 1>p»4hKn  and  piintiiv  ihaA. 


enough  to  produce  an  actual  reversal,  but  merely  that  it  should 
weaken  the  induced  magnetism  of  the  cores  sufficiently  toenable  the 
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opposing  spring  to  overpower  them.  This  is  one  of  the  most  original 
parts  of  Hughes'  apparatus,  and  is  a  main  cause  of  its  extreme 
sensibility. 

The  printing-shaft  consists  of  two  portions,  one  of  which  I  (Fig. 
528)  carries  the  fly-wheel  V,  and  turns  uniformly  under  the  action 
of  the  clock  movement;  the  other,  which  is  next  the  front  of  the 
machine,  remains  at  rest  when  no  current  is  passing;  but  when  the 
armature  of  the  magnet  rises,  the  two  parts  of  the  shaft  become 
locked  together  by  means  of  the  ratchet-wheel  and  click  i  i\ 

The  portion  of  the  shaft  which  is  thus  turned  every  time  a  current 
passes,  carries  a  very  acute  cam  or  tooth  p  (Fig.  529),  which  sud- 
denly raises  the  lever  a  &,  movable  about  an  axis  at  one  end  T,  and, 
by  so  doing,  raises  the  paper  against  the  type-wheel,  and  prints  the 
letter.  In  order  thus  to  print  a  letter  from  the  rim  of  a  wheel  which 
continues  turning,  very  rapid  movement  is  necessary.  This  is  secured 
by  making  the  opposing  spring'  which  moves  the  armature  very 
powerful,  and  the  cain  p  very 
acute.     The  same  movement  S^ 

of  the  lever  which  produces 
the  impression,  raises  the  arm 
J  U,  which  carries  a  spring  r 
with  a  dick  at  its  extremity. 
This  click,  in  its  ascent,  glides 
over  the  teeth  of  the  ratchet- 
wheel  E;  but  locks  into  the 
teeth  and  turns  the  wh^el 
in  its  descent,  and  by  so 
doing,  advances  the  paper 
through  the  distance  corresponding  to  one  letter.  The  spacing  of 
the  words  is  obtained  by  the  help  of  the  blank  on  the  type-wheeL 

The  type-wheel  should  admit  of  easy  adjustment  to  restore  it  to 
agreement  with  the  chariot  when  accidental  derangement  may  have 
occurred.  For  this  purpose,  the  shaft  G  is  made  hollow,  its  internal 
and  external  portions  being  merely  locked  together  by  the  click  w, 
which  is  held  in  its  place  by  a  permanent  current  in  either  direction. 
On  pressing  down  the  button  Q  (Fig.  527),  the  click  m  is  raised  by 
the  piece  E,  so  as  to  leave  the  type- wheel  free,  and  a  pin  is  provided 
which  catches  in  a  notch  corresponding  to  the  blank  on  the  type- 
wheeL     The  adjustment  can  also  be  made  by  hand. 

Lastly,  the  shaft  I  carries  a  third  cam,  which,  at  each  revolution 
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of  this  axis,  engages  with  a.  very  coaree- toothed  wheel  T,  set  on  tbe 
same  axis  ss  the  type-wheel,  and  pushes  it  a  little  forward  or  back- 
ward without  detachiDg  it  from  tlie  driving  gear.  Small  discrepan- 
cies between  the  velocities  of  the  type-wheel  and  chariot  are  Uius 
corrected  as  often  as  a  letter  is  printed.  Tiiis  contrivance  serves  to 
keep  the  receiving  instrument  from  gaining  or  losing  on  the  sendiLg 
instrument  during  the  transmission  of  a  message.  The  type-wheel 
of  the  receiving  instrument  must  be  adjusted  before  tbe  message 
begins,  so  as  to  make  tbe  two  instruments  start  at  the  same  letter. 

692.  Eleotro-chemical  Telegrapli. — Suppose  a  metallic  cylinder, 
permanently  connected  witli  the  earth,  to  be  revolving,  carrying 
with  it  on  its  surface  a  strip  of  paper  freshly  impregnated  with 
cyanide  of  potassium.  Also  suppose  a  very  light  steel  pomt  per- 
manently connected  with  tbe  line-wire,  and  resting  in  contact  with 
the  paper.  Every  time  that  a  current  arrives  by  the  line-wire, 
chemical  action  will  take  place  at  the  point  of  contact,  and  tbe  paper 
at  this  point  will  be  discoloured  by  the  formation  of  pruBsiao  blue. 
This  is  the  principle  of  Bain's  electro -chemical  telegraph,  which  leaves 
a  record  in  the  shape  of  dots  and  dashes  of  prussian  blu&  The 
apparatus  for  sending  signals  is  the  same  as  in  Mode's  system.  Tbe 
paper  must  not  be  too  wet,  or  tbe  record  will  be  blurred ;  neitber 
must  it  be  too  dry,  for  then  no  record  will  be  obtained. 

093.  AatogTAphio  Telegraph. — An  autographic  telegraph  is  one 
which  produces  at  the  receiving  station  a  fac-eimile  of  the  origiDsl 
despatch.  The  best  known  instruments  of  this  class  are  those  of 
Bonelli  and  Caselli.     We  shall  describe  tbe  latter. 

At  the  sending  station  a  sheet  of  metallized  paper,  with  tbe 


despatch  written  upon  it  in  a  greasy  kind  ot  ink,  is  laid  upon  a 
cylindric  surface  M  (Fig.  530).     At  the  receiving  station  Uiere  is  a 
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similar  cyliadric  sui-fece  R,  od  which  a  sheet  of  Bain  s  chemical  paper 
is  laid.  Two  styles,  driven  by  pendulums  which  oscillate  with  exact 
synchronism,  move  over  the  surfaces  of  the  two  sheets,  describing 
upon  them  very  close  parallel  lines  at  a  uniform  distance  apart,  both 


styles  being  in  permanent  connection  with  the  line-wire.  The  cur- 
rent is  furnished  by  the  battery  P  at  the  sending  station.  When  the 
style  is  on  a  conducting  portion  of  the  paper  M,  the  current  takes 
the  course  of  least  resistance  ABCD,  no  sensible  portion  of  it  going 
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to  the  other  station.  On  the  other  hand,  when  the  style  is  on  the 
non-conducting  ink  in  which  the  despatch  is  written,  the  circuit 
A  BCD  is  broken,  and  the  current  travels  through  the  line- wire  At 
this  moment  the  style  on  the  sheet  R  is  in  exactly  the  same  position 
as  that  on  the  sheet  M,  by  reason  of  the  synchronism  of  the  pendu- 
lums, and  a  blue  line  will  be  produced  which  will  be  the  exact  repro- 
duction of  the  broken  line  of  the  despatch  traversed  by  the  style 
Accordingly,  when  the  style  of  M  has  described  a  series  of  lines  dose 
together  and  covering  the  sheet,  R  will  be  covered  with  a  series  of 
points  or  lines  foiming  a  copy  of  the  despatch.  The  tracing  point  is 
carried  by  a  lever  turning  about  an  axis  near  its  lower  end.  To  this 
lower  end  is  attached  a  connecting-rod,  jointed  at  its  other  end  to 
the  pendulum  (Fig.  531).  While  the  pendulum  swings  in  one  direc- 
tion, the  style  traces  a  line  in  one  direction  on  the  sheet  At  the 
end  of  this  stroke,  an  action  occurs  which,  besides  advancing  the 
style,  raises  it,  so  that  it  does  not  touch  the  sheet  during  the  return 
stroke. 

The  synchronism  of  the  pendulums  at  the  two  stations,  which  is 
absolutely  necessary  for  correct  working,  is  obtained  by  means  of 
two  clocks  which  are  separately  regulated  to  a  given  rate,  the  dock- 
pendulums  making  two  vibrations  for  one  of  the  telegraphic  pendulum. 
The  bob  of  the  latter  consists  of  a  mass  of  iron,  and  vibrates  between 
two  electro-magnets,  which  are  made  and  unmade  according  to  the 
position  of  the  dock-pendulum,  as  the  latter  makes  and  breaks  ihe 
circuit  of  a  local  battery.  The  mass  of  iron  is  thus  alternately 
attracted  by  each  of  the  two  magnets  as  it  comes  near  them,  and  is 
prevented  from  gaining  or  losing  on  the  clock. 

It  is  evident  that  the  Caselli  telegraph  may  be  applied  to  copy  not 
only  letters  but  a  design  of  any  kind ;  hence  the  name  oi panteUgrapk 
which  has  been  given  it  Fig.  532  represents  a  copy  thus  obtained 
upon  Bain's  paper.  Fig.  533  represents  a  copy  obtained  at  the  same 
time  upon  a  sheet  of  tin-foil,  such  as  is  usually  placed  beneath  the 
paper.  The  current  decomposes  the  moisture  of  the  paper,  and  lie 
hydrogen  thus  liberated  reduces  the  oxide  of  tin,  of  which  a  small 
quantity  is  always  present  on  the  surface  If  the  foil  be  then  treated 
with  a  mixture  of  nitric  and  pyrogallic  add,  the  traces  are  developed, 
and  come  out  black. 

The  Caselli  system  has  been  used  for  some  years  on  the  td^raphs 
around  Havre  and  Lyons,  but  has  not  realized  the  hopes  of  its  pro- 
moters, its  despatches  being  often  illegible 
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Instead  of  &  series  of  parallel  lines,  the  styles  may  be  made  to  trace 
tlie  successive  convolutions  of  a  fine  belix,  tbe  two  sheets  being  bent 


round  two  cylinders,  which  revolve  in  equal  times,  and  also  advance 
luugitudinally. 

695.  Sabmarine  Tele^ntphs. — Tbe  first  submarine  telegraph  cable 
was  laid  between  Dover  and  Calais  in  1850;  but,  being 
insufficiently  protected  against  the  friction  of  the  rocks, 
it  only  lasted  a  few  hours.  The  two  Atlantic  cables 
which  were  laid  in  1SG6  appear  to  be  still  in  perfect 
order. 

Submarine  cables  are  now  usually  constructed  by 
imbedding  a  certain  number  of  straight  copper  wires 
in  gutta-percha  {Fig.  534),  which  insulates  them  from 
each  other;  this  is  surrounded  with  tarred  hemp,  and 
several  strands  of  iron  wire  are  wound  outside  of  all. 
The  copper  wires  in  the  interior  are  the  conductors 
for  the  transmission  of  the  signals;  the  gutta-percha 
ia  for  insulation ;  the  hemp  and  iron  are  fur  protec- 
tion. 

The  Atlantic  cables  contain  a  central  conductor, 
consisting  of  seven  copper  wires,  twisted  together  and 
covered  with  three  layers  of  gutta-percha,  forming 
altogether  a  cylinder  f  of  an  i,nch  in  diameter.     This         f*.  m4.    ' 
is  covered   with  a  layer  consisting  of  five  strands 
of  hemp,  served  with  a  composition  consisting  of  5  parts  of  Stock- 
holm tar,  5  of  pitch,  1  of  linseed-oil,  and  1  of  bees'-wax.     Lastly,  the 
whole  is  covered  by  IS  strands  of  charcoal  iron,  each  strand  consist- 
ing of  seven  wires  ^jf  of  a  millimetre  in  diameter.     On  leaving  the 
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machine  which  put  on  the  wire  covering,  the  cahle  was  passed 
through  a  cauldron  contain  a  mixture  of  pitch,  tar,  and  linseed-oiL 
The  difficulty  of  obtaining  sufficiently  good  insulation  has  thus  been 
completely  surmounted. 

A  second  difficulty  attaching  to  submarine  telegraphy  depends 
upon  the  inductive  action  of  the  surrounding  water,  or  of  the  iron 
sheath.  This  action,  which  is  found  quite  sensible  in  subterranean 
Unes  of  no  great  length,  becomes  of  immense  importance  in  long 
submarine  cables.  The  cable  forms  one  enormous  condenser,  the 
central  conductor  representing  the  inner  coating,  and  the  sea^water, 
or  iron  sheath,  the  outer  coating  of  a  Leyden  jar.  In  the  Atlantic 
cables,  the  retardation  of  the  signals  due  to  this  cause  is  so  consider- 
able  that  it  would  be  barely  possible  to  obtain  a  speed  one-fifth  of 
that  usually  attained  on  land-lines,  if  the  same  modes  of  sending  and 
receiving  signals  were  employed.  The  electrical  capacity  of  the  cable 
is  in  fact  so  enormous,  that  a  long  time  is  required  to  give  it  a  full 
charge  from  a  battery,  or  to  discharge  it  again.  The  signals  accord- 
ingly lose  all  their  sharpness,  and  run  into  one  another,  unless  special 
precautions  are  taken.  After  sending  a  current  from  one  pole  of  the 
battery,  the  cable  must  be  discharged,  either  by  putting  it  to  earth. 
or,  still  better,  by  connecting  it  for  an  instant  with  the  other  pole  of 
the  battery.  The  residual  effects  of  the  first  current  are  thus  quickly 
destroyed,  and  the  line  is  left  free  for  a  second  signal. 

As  the  first  effect  received  through  such  a  cable  is  very  slight^  a 
very  sensitive  receiving  instrument  is  necessary  for  quick  working. 
Thomson's  mirror  galvanometer  (§  536a)  is  the*  instrument  whi<^ 
has  been  hitherto  employed,  the  signals  being  read  off  by  an  attend- 
ant who  watches  the  movements  of  the  spot  of  light,  dots  and  dashes 
being  represented  by  deflections  in  opposite  directiona  A  sdf- 
recording  instrument  by  the  same  inventor  is  now  coming  into  use, 
in  which  the  signals  are  written  with  ink  dischai^d  firom  a  very 
light  glass  siphon,  the  siphon  being  moved  by  a  very  light  coil  of 
fine  copper  wire,  suspended  by  a  silk  fibre  between  the  poles  of  a 
very  powerful  permanent  magnet  The  coil  turns  in  one  direction 
or  the  other  according  as  the  current  transmitted  is  positive  or 
negative,  thus  producing  opposite  sinuosities  in  the  ink  record  which 
is  titwed  upon  an  advancing  strip  of  paper.  The  regular  flow  of  the 
ink  is  assisted  by  electrical  attraction,  on  the  principle  of  the  bucket 
or  watering-pot  described  in  §  445 ;  but  with  this  difference,  that  it 
is  not  the  ink   but   the  paper   that   is  electrified.      An  electrical 
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macbine  of  peculiar  and  novel  construction,  bearing  some  resemblance 
to  the  replenisher  of  §  469E,  is  employed  for  this  purpose. 

595  A.  Wheatstone's  Automatic  System. — ^Another  very  effective 
contrivance  for  increasing  the  speed  of  signalling,  is  Wheatstone's 
automatic  apparatus,  which  is  being  very  extensively  adopted  by  the 
authorities  of  the  postal  telegraphs.  The  first  step  towards  sending 
a  message  by  this  system  consists  in  punching  the  message  in  a  ribbon 
of  stiff  paper.  The  punching  is  done  by  a  special  instrument, 
the  operator  having  merely  to  put  down  three  keys,  one  of 
which  represents  dot,  another  dash,  and  the  third  blank.  The  holes 
punched  are  in  three  rows.  Those  in  the  middle  row  are  equidistant, 
and  are  intended  to  perform  the  office  of  the  teeth  of  a  rack  in  guiding 
the  paper  uniformly  forwards.  Those  in  the  two  outside  rows  con- 
tain the  message,  a  dot  being  represented  by  a  pair  of  holes  exactly 
opposite  each  other  (:)  one  in  each  row,  And  a  dash  by  two  holes 
ranged  obliquely  (' .). 

The  punched  strips  are  th^n  put  through  the  transmitting  instru- 
ment, and,  by  regulating  the  movements  of  two  pins,  cause  the 
transmission  of  the  currents  necessary  for  printing  the  message  at 
the  receiving  station.  From  60  to  1 00  words  are  thus  transmitted 
per  minute  and  automatically  printed. 

The  following  is  a  specimen  of  three  consecutive  words  of  a 
telegraphic  message,  as  it  appears  on  the  punched  strip  at  the  sending 
station,  and  on  the  printed  strip  at  the  receiving  station : — 

As  Puncked. 


InUrpretatUm. 

JL        T  A  N  Y  TIME 

A»  Printfd. 

The  speed  thus  attained  is  three  or  four  times  greater  than  that 
of  ordinary  writing.  The  practical  limit  to  speed,  in  lines  of  con- 
siderable length,  arises  not  so  much  from  the  difficulty  of  making 
quicker  movements,  as  from  the  blending  together  of  successive 
signals  in  travelling  a  great  distance,  especially  if  part  of  the  distance 
be  under  ground  or  under  water.  This  evil  is  partly  remedied  by 
making  each  signal  consist,  not  of  a  single  current,  but  of  two ;  thus 
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a  dot  will  be  produced  by  an  instantaneous  current,  iTwmediatdij 
succeeded  by  another  of  opposite  sign ;  a  dash  by  an  equally  short 
current  followed  at  a  longer  interval  by  an  opposite  one  In  this 
way,  though  a  greater  number  of  currents  are  required  for  each  word, 
a  greater  number  of  words  can  be  distinctly  signalled  in  a  given 
time;  and,  by  sending  three  properly  adjusted  currents  for  eadi 
signal,  a  still  greater  speed  of  distinct  transmission  is  possible.  The 
transmitting  instrument  of  Wheatstone's  automatic  system  does  in 
fact  send  three  currents  for  each  dot  or  dash. 

696  b.  Electrically-controlled  Clocks. — ^Various  schemes  have  been 
proposed  for  utilizing  electricity  in  connection  with  the  driving  and 
government  of  clocks.  In  some  of  them,  electricity  is  employed  eitfier 
to  wind  up  the  driving-weight,  or  to  fulfil  the  office  of  a  driving- 
weight  by  its  own  action,  a  pendulum  being  employed  as  the 
regulator,  as  in  ordinary  docks.  In  others,  electricity  both  drives 
and  regulates  the  clock  (or  even  a  considerable  number  of  clocks), 
by  means  of  currents  which  keep  time  with  the  movements  of  a 
standard  clock,  electricity  having  thus  to  do  the  work  both  of 
driving  and  regulating  the  dependent  clocks. 

But  the  system  which  has  given  the  best  practical  results  is  that 
of  Mr.  R  L.  Jones,  in  which  the  dependent  clocks  are  complete 
clocks,  able  to  go  of  themselves,  and  keep  moderately  good  time, 
without  the  aid  of  electricity.     The  duty  devolving  on  the  electric 

currents  is  merely  to  supply  the  small  amount  of 
accelerating  or  retarding  action  necessary  to  pro- 
vent  the  dependent  clocks  from  gaining  or  losing 
on  the  standard  dock  by  whose  movements  the 
currents  are  timed. 

The  arrangements  for  attaining  this  end  are 
shown  in  the  annexed  figures  534  A,  534  B,  which 
represent  the  pendulums  of  the  controlling  aod 
controlled  clocks  respectivdy.  These  pendulums 
are  supposed  to  be  almost  precisely  of  the  same 
length,  so  that  they  would  nearly  synchronise  if 

"""^'"^t^^^^^    disconnected. 

The  controlling  pendulum,  in  its  movement  to 
either  side,  comes  in  contact  with  one  or  the  other  of  two  weak 
springs  SS',  which  are  connected  with  the  poles  of  a  battery  PN, 
having  one  of  its  middle  plates  connected  with  the  earth,  so  as  to 
keep  its  poles  at  potentials  differing  from  that  of  the  earth  in  opposite 
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directions.  In  the  position  represented  in  the  figure,  a  current  is 
being  sent  from  the  positive  pole  P  into  the  wire  W.  When  the 
pendulum  swings  over  to  the  other  side,  a  negative 
current  will  be  sent. 

The  bob  CC  of  the  controlled  pendulum  (Fig.  534  b) 
is  a  hollow  cylinder  of  soft  iron  encircled  by  a  coil, 
whose  ends  are  connected  through  two  suspending 
springs  at  m  with  the  wire  W  and  the  earth  respec- 
tively. The  consequence  of  this  arrangement  is  that, 
whenever  a  current  arrives  by  the  wire  W,  the  bob 
becomes  an  electro-magnet. 

Two  steel  magnets  AA'  are  fixed,  with  their  poles 

turned  opposite  ways,  in  such  a  position  that  the  hollow  ^^ 

bob  of  the  pendulum  always  encircles  one  or  both  of 

them.   Suppose,  in'  the  figure,  that  the  poles  A  A'  which    troued  Pendulum. 

are  turned  outwards,  are  the  two  austral  poles,  so  that 

the  two  boreal  poles  are  facing  each  other.     Then  matters  are  to  be 

so  arranged  that,  in  the  position  represented,  the  pendulum  being 

near  the  left  extremity  of  its  swing,  the  right-hand  end  of  the  coil  is 

a  boreal  pole,  and  magnetic  force  urges  the  pendulum  to  the  left. 

When  the  pendulum  is  near  the  right  extremity  of  its  swing,  the 

current  is  in  the  opposite  direction,  and  consequently  the  boreal  pole 

of  the  coil  is  its  left-hand  end.     The  pendulum  will  thus  experience 

magnetic  force  urging  it  to  the  right.     If  the  pendulum  tends  to  gain 

upon  the  standard,  its  return  from  the  extremities  of  its  swing  is 

thus  opposed  for  a  longer  time  than  its  outward  movement  is  aided ; 

and  if  it  tends  to  lose,  the  assistance  to  its  motion  lasts  longer  than 

the  opposition.     Its  tendency  to  deviate  from  the  standard  clock 

either  way  is  thus  checked,  and  the  correcting  action  is  greater  as 

the  deviation  from  coincidence  is  greater.     The  controlling  power 

thus  obtained  is  so  great,  that  even  if  the  electrical  connections  are 

interrupted  during  several  consecutive  beats,  the  accumulated  errors 

will  be  completely  wiped  off  after  the  connections  are  restored 
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696,  Eleotrolysis. — When  a  curreot  is  passed  through  a  compoaiMl 
liquid,  decompositioD  is  frequently  observed,  two  of  the  component 
substances  being  separated,  one  at  the  place  where  the  current  enters, 
and  the  other  at  the  place  where  it  leaves  the  liquid.  This  decom- 
position is  called  electrolysis,  and  the  substance  decomposed  or  electro- 
lyeed  is  called  the  electrolyte.  The  action  only  occurs  in  the  case  of 
liquids,  and  these  must  be  conductors. 

The  process  may  be  illustrated  by  the  decomposition  of  water  in 


m 


the  voltameter.  This  apparatus  consists  (Fig.  535)  of  a  vessel  con- 
taining acidulated  water  in  which  two  strips  of  platinum  are  im- 
mersed, connected  respectively  with  the  two  poles  of  a  battery. 
When  the  connections  are  completed,  bubbles  make  their  appeanuioe 
at  the  surfaces  of  the  two  strips,  and  rapidly  rise  to  the  suriace. 
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These  are  bubbles  of  oxygen  and  hydrogen  respectively,  the  former 
being  evolved  at  the  positive,  and  the  latter  at  the  negative  strip. 
To  complete  the  voltameter,  inverted  tubes  must  be  provided  for 
collecting  the  gases  as  the  bubbles  rise  to  the  surface  and  burst  It 
will  be  found  t];Lat  the  volume  of  the  hydrogen  is  about  double  that 
of  the  oxygen.  The  presence  of  a  little  acid  in  the  virater  serves  to 
improve  its  conductivity,  and  according  to  the  theories  of  Faraday 
and  his  contemporaries  answers  no  other  purpose.  Pure  water  con- 
ducts so  badly  that  its  electrolysis  is  extremely  diflScult  The  two 
platinum  strips  in  the  above  arrangement  are  called  the  poles  or 
electrodes  of  the  voltameter.  They  may  obviously  be  regarded  as 
the  poles  of  the  battery.  The  direction  of  the  current  through  the 
liquid  is  of  course  from  the  positive  to  the  negative  pola  The  element 
which  comes  to  the  positive  pole  (oxygen)  is  called  ejectro-negative, 
and  that  which  comes  to  the  negative  pole  (hydrogen)  electro- positive, 
these  names  being  based  on  the  idea  of  attraction  between  electri- 
cities of  opposite  sign. 

697.  Transport  of  Elements. — The  positive  element  may  be  defined 
as  that  which  travels  with  the  current,  and  the  negative  element  as 
that  which  travels  against  it.  Hence  Faraday  calls  the  former  the 
cation  (signifying  that  which  goes  down),  and  the  latter  the  anion 
(signifying  that  which  goes  up),  and  instead  of  applying  the  name 
poles  to  the  places  where  the  current  enters  and  leaves  the  liquid,  he 
calls  them  the  anode  and  cathode.  The  direction  of  the  current 
through  the  liquid  is  from  the  anode  to  the  cathode,  the  former  being 
what  is  commonly  called  the  positive  pole,  and  the  latter  the  nega- 
tive pole.  When  speaking  of  them  jointly,  he  calls  them  the  elec- 
trodes. 

It  is  a  remarkable  fact  that  the  separated  elements  never  make 
their   appearance   ex- 
cept at  the  electrodes.    \       /,         2  s  i  « 
Nothing    is    seen    of       QO  OQ  OO  OO  OO  OO 

.1  .  /  OH    0^0  HO  HO  K     0  a 

them,  nor  is  any  ac-  "p'       *i^       ^       V       ^ 

tion  exhibited,  at  in-  Fig.  sse.-Grotthu.' Hypotixeeu. 

termediate  points.  The 

appearance  is  as  if  the  gases  could  vanish  from  one  extremity  and 
appear  at  the  other  without  passing  through  the  intermediate  space. 
The  only  possible  explanation  of  this  phenomenon  seems  to  be  what  is 
known  as  Grotthus'  hypothesis,  that  all  the  particles  of  the  water  in 
the  course  of  the  current  undergo  continual  decomposition  and  recom- 
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position.  Thus  if  Fig.  536  represent  a  line  of  particles  traversed  by 
the  current  from  left  to  right,  there  will  be  a  continual  stream  of 
hydrogen-particles  along  this  line  from  left  to  right,  and  a  stream  of 
oxygen^  particles  from  right  to  left.  The  hydrogen  of  molecule  1  will 
combine  with  the  oxygen  of  molecule  2  to  form  a  new  molecule  1'; 
the  hydrogen  of  molecule  2  will  combine  with  the  oxygen  of  mole- 
cule 3  to  form  a  new  molecule  2',  and  so  on.  The  oxygen  of  mole- 
cule 1  is  given  off  at  the  left-hand  extremity,  which  we  suppose  to 
be  the  point  of  contact  with  one  of  the  strips  of  platinum,  and  the 
hydrogen  of  molecule  6  at  the  other  strip.  The  molecules  1',  2',  3' .  .  . 
are  then  in  their  turn  decomposed  to  form  a  new  set.  In  actual  cases, 
the  number  of  molecules,  instead  of  being  only  6  as  represented  in 
the  figure,  is  of  course  many  millions. 

698.  Electrolysis  of  Binary  Compoands. — When  a  compound  formed 
by  the  union  of  a  metal  with  some  other  elementary  substance  is 
submitted  to  electrolysis,  the  metal  always  comes  to  the  n^ative 
pole.  It  was  in  this  way  that  several  of  the  metals  were  first 
obtained  from  their  oxides  by  Sir  Humphrey  Davy.  Potassium,  for 
example,  was  obtained  by  placing  a  piece  of  potash  on  a  platinum 
disk  connected  with  the  negative  pole  of  a  battery  of  250  cells,  and 
then  applying  a  platinum  wire  connected  with  the  positive  pole  to 
its  upper  surface.  The  potash,  which  had  been  allowed  to  contract 
a  little  moisture  from  the  atmosphere,  in  order  to  give  it  sufficient 
conducting  power,  soon  began  to  fuse  at  the  points  of  contact  of  the 
electrodes.  A  violent  effervescence  occurred  at  the  upper  or  positive 
electrode ;  while  at  the  lower  surface  small  globules  appeared  resem- 
bling quicksilver,  some  of  which  instantly  burst  into  flame,  while 
others  merely  became  tarnished  and  afterwards  coated  over  with  a 
white  film. 

The  earthy  oxides,  such  as  magnesia  and  alumina,  are  more  diffi- 
cult of  reduction  than  the  alkalies  potash  and  soda,  and  have  never 
yet  been  electrolyzed.  The  metals  magnesium  and  aluminium  have, 
however,  been  obtained  by  the  electrolysis  of  their  chlorides 
Chloride  of  magnesium,  for  example,  is  melted  by  heating  it  to 
redness  in  a  porcelain  crucible,  the  upper  part  of  which  is  divided 
into  two  compartments  by  a  porous  partition.  Pieces  of  carbon  are 
employed  as  the  terminals  of  the  battery^  and  are  inserted  one  in 

^  Accordiog  to  modem  theories,  the  anion  is  not  oxygen,  as  here  stated,  bat  a  o(»iipoiuid 
of  oxygen  and  sulphur.  (See  §  600.)  The  explanation  as  it  stands  in  the  text  repreeentss  the 
views  held  by  Faraday  and  his  contemporaries. 
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each  of  these  compartments,  the  piecewhich  is  to  serve  as  the  nega- 
tive electrode  being  notched  like  the  edge  of  a  saw,  with  its  teeth 
pointing  downwards  ready  to  intercept  the  metal  in  its  upward 
course — the  metal  being  specifically  lighter  than  its  chloride.  It  was 
by  the  electric  current  that  Deville  in  1854j  succeeded  in  preparing 
aluniinium,  which  has  exhibited  such  unexpected  and  interesting 
properties. 

For  the  electrolysis  of  binary  compounds  soluble  in  water,  their 
solutions  are  frequently  employed,  but  these  should  in  general  be 
highly  concentrated. 

699.  Electrolysis  of  Salts. — When  a  salt  of  any  of  the  less  inflam- 
mable metals  is  submitted  to  electrolysis,  a  continual  deposition  of 
the  metal  is  observed  on  the  negative  electrode ;  while,  at  the  positive 
electrode,  oxygen  is  disengaged,  and  acid  set  free.  These  effects 
occur,  for  example,  if  platinum  electrodes  are  plunged  in  a  solution 
of  sulphate  of  copper.  If  an  oxydizable  metal  is  employed  as  the 
positive  electrode,  the  oxj^gen  will  combine  with  it  instead  of  being 
given  off.  If  the  metal  employed  be  copper  itself,  the  oxide  of 
copper  formed  will  combine  with  the  acid,  and  a  quantity  of  sulphate 
of  copper  will  be  formed  exactly  equal  to  that  which  undergoes  decom- 
position. The  solution  thus  remains  constantly  in  the  same  state  as 
regards  saturation,  and  the  copper  deposited  on  the  negative  electrode 
is  exactly  compensated  by  that  dissolved  off  the  positive  electroda 

When  a  salt  of  one  of  the  alkaline  metals 
is  electrolyzed,  the  appearances  presented 
are  different  from  those  which  we  have  just 
been  describing;  and  they  for  a  long  time 
received  an  erroneous  interpretation.  Let 
the  tube  represented  in  Fig.  537  be  charged 
with  solution  of  sulphate  of  soda  coloured 
with  syrup  of  violets.  If  the  current  be 
then  passed,  after  the  lapse  of  some  time, 

/  .-  Fig.  637.— Deoompoeition 

a  red  tinge  will  be  observed  in  the  liquid  of  saitE. 

around  the  positive  electrode,  and  a  green 

tinge  around  the  negative.  This  shows  the  presence  of  free  acid 
at  the  positive  and  alkali  at  the  negative  pole.  Oxygen  is  also 
found  to  be  evolved  at  the  positive  and  hydrogen  at  the  negative 
pole.  The  interpretation  for  a  long  time  given  to  these  results  was, 
that,  in  the  electrolysis  of  a  salt,  the  acid  went  to  the  positive  and 
the  base  to  the  negative  pole.    In  the  case  of  a  metallic  salt^  such  as 
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sulphate  of  copper,  it  was  supposed  that  the  oxide  of  copper  which 
forms  the  base,  underwent  a  further  electrolysis,  resulting  in  the 
appearance  of  the  metal  at  the  negative  and  of  the  oxygen  at  the 
positive  pole.  This  complicated  hypothesis  of  two  successive  elec- 
trolyses is  entirely  gratuitous.  It  was  in  fact  simplj^  filmed  to  suit 
the  chemical  theories  which  regarded  a  salt  as  the  result  of  the  union 
of  an  acid  and  a  base.  It  is  now  believed  that  the  electrolysis  of 
sulphate  of  soda  is  single,  that  it  consists  in  resolving  the  salt  into 
sodium  and  an  unstable  compound  of  sulphur  and  oxygen,  SO4,  to 
which  the  name  of  sulphion  has  been  given.  The  sodium  unites 
with  the  oxygen  of  the  water  at  the  negative  pole,  thus  forming  soda 
and  liberating  hydrogen ;  and  the  sulphion  unites  with  the  hydrogen 
of  the  water  at  the  positive  pole^  forming  sulphuric  acid  and  liberating 
oxygen.  These  chemical  actions  immediately  consequent  upon  elec- 
trolysis are  called  secondary  actions. 

600.  Electrolysis  ofWater. — What  we  have  just  said  of  salts,  applies 
equally  to  the  oxygen  acids.  Thus  in  the  electrolysis  of  sulphuric 
acid  (SO3,  HgO)  the  hydrogen,  which  is  a  kind  of  gaseous  metal, 
goes  to  the  negative  pole,  while  the  substance  SO4  goes  to  the  posi- 
tive pole,  and  there  unites  with  the  hydrogen  of  the  water  to  form 
the  primitive  compound,  setting  oxygen  free 

It  is  probable  that  what  is  called  the  electrolysis  of  water  is  really 
an  indirect  action  of  this  kind ;  that,  in  fact,  it  is  not  the  water,  but 
the  acid  contained  in  it  that  is  electrolyzed,  decomposition  and  reoom- 
position  of  acid  being  in  continual  progress. 

Be  this  as  it  may,  voltameters  are  frequently  employed  for  the 
measurement  of  currents,  from  which  use  indeed  they  derive  their 
name.  This  mode  of  measuring  a  current  is  due  to  Faraday.  The 
quantity  of  electricity  wliich  passes  is  measured  by  the  quantity  of 
gas  evolved ;  and  this  is  best  determined  by  medsuring  the  hydrogen, 
in  the  first  place  because  of  its  greater  volume,  but  still  more  because 
it  is  less  liable  than  oxygen  to  be  absorbed  by  water.  It  is  important 
that  the  temperature  at  which  the  operation  is  conducted  should  not 
be  too  low;  for  if  it  be  under  20°  C,  the  water  may  become  so 
strongly  impregnated  with  oxygen  as  to  be  able  to  take  up  some  ot 
the  hydrogen  which  is  separated  at  the  negative  pole,  and  I'educe  it 
again  to  the  form  of  water. 

Voltameters  have  the  disadvantage,  as  compared  with  galvano- 
meters, of  introducing  opposing  electro-motive  force  into  the  circuit, 
as  well  as  a  lai^ge  amount  of  resistance 
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601.  Definite  Laws  of  Eleotrolysis. — The  following  principles  were 
completely  established  by  Faraday's  researches: — 

1.  The  quantity  (i.e.  mass)  of  a  given  electrolyte  decomposed  by  a 
current  is  simply  proportional  to  the  quantity  of  electricity  which 
passes  through  it, — in  other  words,  is  jointly  proportional  to  the 
strength  of  the  current  and  the  time  that  it  lasts ;  or,  the  rate  ot 
decomposition  of  a  given  electrolyte  is  simply  proportional  to  the 
strength  of  current,  and  is  independent  of  all  other  circumstancea 

2,  The  quantities  (masses)  of  different  electrolytes  decomposed  by 
the  same  quantity  of  electricity  are  directly  as  their  chemical  equi- 
valents.^ 

These  laws  can  be  extended  to  the  cells  of  the  battery  themselves, 
if  we  pay  proper  attention  to  the  signs  of  the  quantities  involved. 
The  essential  difference  between  a  cell  of  the  battery  and  a  decom- 
posing cell  included  in  the  circuit  is,  that  the  former  contributes 
positive,  and  the  latter  negative  electro-motive  force  to  the  circuit ; 
and  if  one  of  the  cells  of  the  battery  be  reversed,  so  that  the  current 
travels  through  it  not  from  zinc  to  copper  as. usual,  but  from  copper 
to  zinc,  it  immediately  becomes  a  decomposing  cell  with  electro- 
motive force  opposing  that  of  the  circuit.  The  amount  of  chemical 
combination  that  takes  place  in  a  battery  cell  (or  the  excess  of  com- 
bination over  decomposition,  if  both  are  going  on,  as  in  a  Daniell's 
cell,  where  sulphate  of  copper  is  decomposed)  is  chemically  equi- 
valent to  the  decomposition  that  occurs  in  any  one  decomposing  cell 
in  the  same  circuit.  This  is  on  the  supposition  that  no  local  action 
(§  t521)  is  allowed  to  take  place  in  the  battery.  Keeping  Grotthus 
hypothesis  in  view,  we  may  therefore  assert  that  the  total  chemical 
action  is  the  same  in  amount  for  all  sections  of  the  current,  whether 
these  sections  are  taken  in  battery  ceUs  or  in  decomposing  cells ;  but 
is  opposite  in  sign,  according  as  the  sections  are  made  across  cells 
which  assist,  or  which  oppose  the  current  by  their  electro-motive 
force. 

If  a  current  generated  by  a  battery  consisting  of  several  cells 
arranged  in  a  series,  is  passed  through  a  succession  of  decomposing 
cells,  one  containing  acidulated  water,  another  chloride  of  lead, 
another  protochloride  of  tin  in  a  state  of  fusion,  and  another  a  con- 

^  This  law  applies  directly,  and  without  exception,  to  tbe  decompositions  efPected  by  the 
direct  action  of  tbe  current.  It  is  not  always  (though  usually)  applicable  to  the  final 
results  of  electrolysis,  when  secondary  actions  come  into  play.  In  certain  cases,  for 
example,  the  final  result  will  be  exactly  double  what  the  law  would  give. 
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centrated  solution  of  nitrate  of  silver,  then  for  65  parts  by  weight  of 
zinc  dissolved  in  any  one  cell  of  the  battery,  2  parts  of  hydrogen  will 
be- evolved  from  the  acidulated  water,  and  207  parts  of  lead,  118  of 
tin,  and  216  of  silver,  from  the  other  electrolytes  respectively;  these 
numbers  being  proportional  to  the  chemical  equivalents  of  zinc^ 
hydrogen,  lead,  tin,  and  silver. 

If  several  cells  containing  the  same  electrolyte  are  placed  in  dif- 
ferent parts  of  the  circuit,  so  as  to  be  traversed  in  succession  by  the 
same  current,  the  same  amount  of  decomposition  will  be  effected  in 
them  all ;  and  this  amount  for  each  cell  will  be  the  full  equivalent  of 
the  action  in  each  cell  of  the  battery. 

In  order  to  effect  a  given  amount  of  decomposition  in  a  given  cell, 
with  the  smallest  possible  consumption  of  zinc  in  the  battery,  the 
number  of  battery  cells  employed  should  be  the  smallest  that  will 
suffice  to  effect  the  operation  at  all ;  in  other  words,  the  resultant 
electro-motive  force  in  circuit  should  barely  exceed  zero.  This  is 
obvious  from  considering  that  the  quantity  of  electricity  required  to 
effect  the  given  operation  is  irrespective  of  the  number  of  cells  of  the 
battery,  and  is  absolutely  constant  The  quantity  of  zinc  dissolved 
in  each  cell  is  therefore  constant  also,  and  hence  the  whole  zinc  dis- 
solved is  proportional  to  the  number  of  cells.  If  we  employ  more 
cells  than  are  necessary,  we  shall  effect  the  required  operation  more 
quickly,  but  at  the  expense  of  an  extra  consumption  of  zinc. 

Time  may  be  saved  by  increasing  the  number  both  of  the  decom- 
posing  cells  and  of  the  battery  cells;  By  doubling  them  both,  we 
shall  double  the  electro-motive  force  and  also  the  resistance,  so  that 
the  current  will  be  unaltered.  The  chemical  action  in  each  cell  will 
therefore  be  the  same  as  before ;  and  as  the  number  of  decomposing 
cells  is  doubled,  a  double  quantity  of  the  given  electrolyte  is  decom- 
posed. 

602.  Polarization  of  Electrodes. — When  electrodes  have  been  doing 
duty  for  some  time  in  the  decomposition  of  an  electrolyte,  if  we 
detach  them  from  the  battery,  plunge  them  in  a  conducting  liquid, 
and  connect  them  externally  by  a  wire,  we  shall  find  that  a  current 
is  circulating  in  the  opposite  direction  to  the  original  current 

Suppose,  for  example,  that  the  Bunsen  battery  M  (Fig.  538)  has 
been  employed  for  electrolyzing  sulphate  of  potash  by  means  of  the 
electrodes  A  B,  A  being  the  positive,  and  B  the  negative  electrode, 
the  current  flows  through  the  decomposing  cell  from  A  to  B.  Now 
let  the  battery  be  removed,  and  the  electrodes  connected  externally 
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by  the  wire  N.     A  current  will  now  pass  through  the  liquid  fT(ym 
B  to  Ay  completing  its  circuit  through  the  wire. 

The  origin  of  this  current  can  be  explained  in  the  following  way. 
During  the  process  of  decomposition,  potash  collects  on  the  electrode 
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B,  and  sulphuric  acid  on  the  electrode  A.  When  the  connecting  wire 
is  substituted  for  the  battery,  the  two  substances  which  have  been 
forcijed  to  separate  begin  to  unite  again ;  and  as  their  tendency  to  do 
so  produced  an  opposing  electro-motive  force  while  the  direct  current 
was  passing,  this  tendency  is  now  manifested  in  the  a^ctual  produc- 
tion of  a  reverse  current  and  reverse  transport  of  elements.  It  is  not 
necessary  that  the  deposition  of  the  two  substances  on  the  plates 
should  have  been  brought  about  by  electrolysis.  A  similar  result 
will  be  obtained  if  the  plates  be  coated  with  the  two  substances  in 
any  other  way 

Grove's  gas-battery  is ,  constructed  by  immersing  two  platinum 
plates  in  a  vessel  of  acidulated  water,  the  upper  halves  of  the  plates 
being  surrounded,  one  by  oxygen,  and  the  other  by  hydrogen, 
inclosed  in  inverted  tubes.  External  communication  must  be  made 
between  the  plates  by  means  of  wires  sealed  into  the  upper  ends  of 
the  tubes,  and  a  current  wiU  pass  through  the  circuit  thus  completed ; 
or,  if  there  are  more  cells  than  one,  the  hydrogen  plate  of  each  cell 
must  be  connected  with  the  oxygen  plate  of  the  next,  and  the  first 
and  last  plates  must  also  be  connected.  In  each  cell,  union  of  the 
two  gases  will  gradually  take  place  through  the  acidulated  water, 
and  the  direction  of  the  current  will  be  opposite  to  that  which  would 
restore  the  gases  to  their  places  if  the  cell  were  used  as  a  voltameter ; 
that  is  to  say,  it  will  be  through  the  liquid  from  the  plate  in  hydrogen 
to  the  plate  in  oxygen.     The  plates  employed  for  this  purpose  are 
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usually  covered  with  a  deposit  of  finely-divided  platinum,  as  the 
great  extent  of  surface  thus  obtained  conduces  to  rapid  action. 

Bitter's  secondary  pile  consists  of  a  number  of  discs  all  of  the 
same  metal  separated  by  pieces  of  moistened  cloth.  K  its  two 
extremities  be  connected  for  a  few  seconds  with  the  poles  of  a  battery, 
the  pile  will  be  found  to  have  acquired  the  power  of  producing,  for  a 
short  time,  a  current  opposite  to  that  of  the  battery. 

603.  Feeble  Currents  through  Electrolytes. — Liquids  capable  of 
undergoing  electrolysis  never  conduct  electricity  without  being 
electrolyzed.  Some  exceptions  were  at  one  time  supposed  to  exist 
in  cases  of  very  feeble  currents ;  but  experiments  in  vacuo  have  shown 
that  these  are  explained  by  the  re-absorption  by  the  liquid  of  the 
gases  evolved.  Under  the  exhausted  receiver  of  an  air-pump  the 
gases  are  actually  given  off.  There  appears  to  be  no  real  exception 
to  the  rule  that  electricity,  in  traversing  an  electrolyzable  liquid, 
always  produces  its  full  equivalent  of  decomposition. 

604.  Electro-metallurgy. — The  applications  of  electrolysis  to  the 
arts  are  numerous  and  important  They  are  of  two  kinds.  In  one, 
the  electrolytic  deposit  is  intended  as  a  permanent  covering,  and 
should  adhere  perfectly  so  as  to  form  one  mass  with  the  body  which 
it  covers.  In  the  other,  the  adhesion  is  temporar}'^,  and  must  not  be 
too  close,  the  object  being  merely  to  obtain  an  exact  copy  of  the 
original  form.  Electro-plating  belongs  to  the  former  class ;  electrotype 
to  the  latter. 

606.  Electro-gilding  and  Electro-plating. — ^The  deposition  of  a 
coating  of  gold  or  silver  on  the  surface  of  a  less  precious  metal  is 
merely  an  example  of  the  electrolysis  of  a  salt,  as  described  in  §  599. 
The  metal  in  solution  is  always  deposited  on  the  negative  electrode, 
hence  we  have  merely  to  make  the  negative  electrode  consist  of  the 
article  which  we  wish  to  coat.  The  only  points  to  be  decided  prac- 
tically relate  to  the  means  of  making  the  deposit  solid  and  firmly 
adherent.  These  ends  have  been  completely  attained  by  the  methods 
patented  about  1840  by  Elkington  in  England  and  Ruolz  in  France. 

The  solutions  are  always  alkaline,  and  usually  consist  of  the 
cyanide  or  chloride  of  the  metal,  dissolved  in  an  alkaline  cyanida 

To  prepare  the  gold-bath,  50  grammes  of  fine  gold  are  dissolved  in 
aqua  regia;  and  the  solution  is  evaporated  till  it  has  the  consistence 
of  syrup.  Water  is  then  added,  together  with  50  grammes  of 
cyanide  of  potassium,  and  the  mixture  is  boiled.  The  quantities 
named  give  about  50  litres  of  solution. 
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The  negative  electrode  consists  of  the  article  to  be  gilded.  The 
positive  electrode  is  a  plate  of  fine  gold,  -which  constitutes  a  soluble 
electrode,  and  serves  to  keep  the  solution  at  a  constant  strength.  In 
order  that  the  gilding  may  be  well  done,  the  bath  must  be  main- 
tained, during  the  operation,  at  a  temperature  of  from  60°  to  70° 
Centigrade. 

Fig.  539  represents  a  form  of  apparatus  which  is  very  frequently 
employed.  The  poles  of  the  battery  are  connected  with  two  metallic 
rods  resting  on  the  top  of  the  cistern  which  contains  the  bath.  The 
articles  to  be  gilded  are  hung  from  the  negative  rod.     From  the 


Fig.  £39.— Apianliu  for  tlwUD  gilding. 

positive  rod  is  hung  a  plate  of  gold,  whose  size  should  be  proportional 
to  the  total  surface  of  the  articles  which  form  the  negative  electrode. 

The  silver  bath  is  a  solution  containing  2  parts  of  cyanide  of  silver, 
10  of  cyanide  of  potassium,  and  250  of  water.  The  operation  of 
plating  is  the  same  as  that  of  gilding,  except  that  the  apparatus  is 
usually  on  a  larger  scale,  and  that  the  temperature  may  be  lower. 

In  both  cases  the  surfaces  to  he  coated  must  be  thoroughly 
cleansed  from  grease.  For  this  purpose  they  are  subjected  to  the 
processes  of  pickling  and  dipping,  which  we  cannot  stay  to  describe. 

Other  bodies,  as  well  as  metals,  can  be  coated,  if  their  surfaces  are 
first  covered  with  some  conducting  material  Baskets,  fruits,  leaves, 
&c.,  have  thus  been  gilded  or  silvered. 

Similar  processes  are  employed  for  depositing  other  metals,  of 
which  copper  is  the  most- frequent  example. 

608.  Bleotrotype. — Electrotyping  consists  in  obtaining  copper  casts 
or  fac-similes  of  medals,  engraved  plates,  &c,  by  means  of  electrolytic 
deposition.     The  first  successful  attempts  in  this  direction  were  made 
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about  1839  by  Jacob!  at  St  Petersburg  and  Spencer  in  England. 
The  art  is  now  veiy  extensively  practised 

If  a  fao-simile  of  a  medal  is  required,  a  cast  is  first  taken  of  it. 
either  in  fusible  alloy,  plaster  of  Paris,  or  gutta-percha  softened  by 
heating  to  100°  C,  this  last  material  being  the  moat  frequently 
employed.  The  fusible  alloy  is  a  conductor;  the  other  materials  are 
not,  and  their  surfaces  are  therefore  rendered  conducting  by  rubbing 
them  over  with  plumlx^.  The  mould  thus  prepared  is  made  to 
serve  as  the  negative  electrode  in  a  bath  of  sulphate  of  copper,  a 
copper  plate  being  used  as  the  positive  electrode.  When  the  current 
passes,  copper  is  deposited  on  the  surface  of  the  mould,  forming  a 
thin  sheet,  which,  when  detached,  is  a  fac-simile  of  one  side  of  the 
original  medal  A  similar, process  can  be  applied  to  the  other  side, 
and  thus  a  complete  copy  can  be  obtained. 

In  operations  of  this  kind,  the  bath  itself  is  often  made  to  serve  as 
the  battery.  Fig,  640  represents  such 
an  arrangement 

In  the  interior  of  a  vessel  containing 
a  saturated  solution   of  sulphate  of 
copper,  a  second  vessel  is  supported, 
consisting  either  of  porous  earthen- 
ware or  of  a  glass  cylinder  closed  be- 
low by  a  membrane.     In  this  second 
vessel  is  placed  acidulated  water,  with 
Fig.aw.-itao.iu.dB.iwju.oii*         **  cylinder  of  zinc  suspended   in  it. 
The   mould    is   placed   in   the   outer 
vessel  under  the  bottom  of  the  porous  cylinder,  and  is  connected  with 
the  zinc  by  a  stout  wire  which  completes  the  circuit.     The  arrange- 
ment is  evidently  equivalent  to  a  Daniell's  celL     The  current  passes 
through  the  liquids  from  tlie  zinc  to  the  mould,  electrolyzinj^  the 
solution  of  sulphate  of  copper ;  and  as  the  metal  travels  with  the 
current,  it  is  deposited  on  the  surface  of  the  mould.     The  strength 
of  the  solution  is  kept  up  by  suspending  in  it  crystals  of  sulphate  of 
copper  contained  in  a  vessel  pierced  with  holea 

607.  Applications  of  Electrotype.^ — One  of  the  commonest  applica- 
tions of  electrotype  is  to  the  production  of  copies  of  wood  engravings. 
The  original  blocks,  as  they  leave  the  hand  of  the  engraver,  could  not 
yield  a  large  number  of  impressions  without  being  materially  injured 
by  wear.  When  many  impressions  are  required,  they  are  not  taken 
directly  from  the  wood,  but  from  an  electrotype  taken  in  copper  from 
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a  gutta-percba  mould.  The  process  of  deposition  is  continued  only 
for  twenty-four  hours^  and  the  plate  of  copper  thus  obtained  is  very 
thin.  It  is  strengthened  by  filling  up  its  back  with  melted  type- 
metaL  Such  plates  will  afford  about  80,000.  impressions,  and  it  is 
from  them  that  nearly  all  the  illustrations  in  popular  works  are 
printed.  Postage  stamps,  which  must  be  exactly  alike  in  order  to 
prevent  counterfeits,  are  also  printed  from  electrotypes ;  and,  on 
account  of  the  great  number  of  impressions  required,  the  electrotypes 
themselves  need  frequent  renewal;  but  the  operations  necessary  for 
this  purpose  do  not  sensibly  injure  the  original 

Copperplate  engravings  and  even  daguerreotypes  can  be  very 
accurately  reproduced  in  copper.  No  preparation  of  the  surface  is 
necessary,  as  the  thin  film  of  oxide  which  is  present  is  quite  sufficient 
to  prevent  the  deposit  from  adhering  too  closely. 

Gasaliers  are  usually  of  cast-iroti  coated  with  copper  by  electro- 
lysis. The.  copper  is  not,  however,  deposited  on  the  surface  of  the 
iron,  as  the  contact  of  the  two  metals  would  greatly  promote  the 
oxidation  of  the  iron,  if  any  of  it  were  accidentally  exposed  to  the 
air.  The  iron  is  first  painted  over  with  red-lead,  which,  when  dry, 
is  covered  with  a  very  thin  layer  of  plumbago  to  render  it  conduct- 
ins:  ;  and  it  is  on  this  that  the  copper  is  deposited. 


CHAPTER    LII. 


INDUCTION  OP  CnKREMTS. 


808.  Indaoed  Cnrrents. — Induced  currents  may  be  desciibed  as 
currents  produced  in  conductors  by  the  influence  of  neighbouring 
currenta  or  magnets.  Their  discovery  by  Faraday  in  1831  con- 
stitutes an  epoch  in  the  history  of  electrical  science.  We  shall  first 
describe  some  modes  of  producing  them ;  and  then  state  their  general 
laws. 

609.  Correnta  indaced  hy  Commencement  and  Cessatian  of  Currenta. 
— Let  two  coils  be  wound  upon  the  same  frame  B,  one  of  them,  caiW 


the  aecondary  coil,  having  its  ends  connected  with  the  binding-screws 
of  the  galvatiometer  G,  while  the  ends  of  the  other,  which  is  called 
the  primary  coil,  dip  in  two  cups  of  mercury  173' connected  with  the 
two  plates  of  the  voltaic  element  P.  As  long  aa  the  current  is  passing 
steadily  in  the  primary  coil,  the  needle  of  the  galvanometer  remains 
undeflected ;  but  if  the  current  be  stopped,  by  lifting  a  wire  out  ot 
one  of  the  mercury  cups,  the  needle  is  immediately  deflected,  in- 
dicating the  existence  of  a  ciirrent  in  the  same  direction  as  that  which 
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was  previously  circulating  in  the  primary  coil  This  effect  is  very 
transitory.  The  needle  appears  to  receive  a  sudden  impulse  which 
immediately  passes  away.  If  the  current  be  then  re-established, 
there  is  a  deviation  to  the  other  side,- indicating  a  current  in  the 
opposite  direction  to  that  in  the  primary  coil ;  and  this  deviation, 
like  that  which  occurred  before,  ia  merely  the  effect  of  an  instantan- 
eous impulse,  the  needle  making  a  few  oBcillations  from  side  to  side, 
and  then  remaining  steadily  at  zero.  This  experiment,  which  is 
substantially  the  same  as  that  by  wliich  Foi-aday  first  made  the  dis- 
covery, establishes  the  following  proposition : — When  a  current  begins 
to  flow,  it  iiiducea  an  inverse  current  in  a  neighbouring  condiuitor; 
■when  it  ceases,  it  induces  a  direct  current;  and  both  the  currents 
thus  induced  are  merely  instanianeous. 

610.  CnrreiitB  induced  by  VariationB  of  Streng^  of  Primary  Current. 
— Employing  the  same  apparatus,  let  us,  while  the  primary  current 


liiduiwd  bj  ChiiDg«  of  StrvDgth. 

is  passing,  connect  the  two  mercury  cups  by  the  wire  d  (Fig.  542), 
thus  dividing  the  circuit  (§  547),  and  causing  a  great  diminution  of 
the  current  in  the  primary  coil  At  the  instant  of  making  this  con- 
nection, the  needle  of  the  galvanometer  is  affected,  moving  in  the 
same  direction  as  if  the  primary  current  were  stopped ;  and  on  lifting 
the  connecting  wire  out  of  one  of  the  cups,  so  as  to  produce  a  sudden 
increase  in  the  current  in  the  primary  coil,  the  needle  moves  in  the 
opposite  directioa  When  a  current  receives  a  sudden  increase,  this 
produces  an  inverse  current  in  a  neighbouring  conductor;  and  when, 
it  is  svddenly  decreased,  a  direct  current  ia  induced. 

611.  Cunenta  indneed  by  Variations  of  Distance. — Currents  may 
also  be  induced  by  change  of  distance  between  the  primary  and 
secondary  conductoi's.     Let  the  secondary  coil,  for  example,  be  hollow. 
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as  in  Fig.  543,  and  let  the  primary  coil,  with  the  current  passing  b  it, 
be  suddenly  introduced  into  its  interior.  The  galvanometer  will 
indicate  the  production  of  an  inverse  current  in  the  secondary  coil 


Fig.  M3.— Ciimtit  IndnoHlbj  Cbuga  ot  Diiunu. 

When  the  needle  lias  come  to  rest,  let  the  primary  coil  be  withdrawn, 

and  a  direct  current  will  be  indicated  by  the  galvanometer.     These 

currents  differ  from  those  previously  mentioned  in  being  less  sudden. 

They  last  as  long  as  the  relative  motion  of  the  two  coils  continues. 

When-a  conductoi'  conveying  a  current  approaches  or  is  approached 

by  a  nei-ffkbouring  conductor,  an  inverse  current  is  induced  in  the 

latter;   and  when  one  of  these  conductor 

moves  away  from  the  other,  a  direct  aiTraU 

is  induced. 

612.  Magneto -electric  Isdnction.— As  !i 
current  may  be  regarded  as  a  magnet 
(t;  531a),  and  a  magnet  may  be  regarded  as 
a  sj'stem  of  currents  (§  565),  induction  can 
be  effected  by  a  magnet  as  welt  as  by  a 
/      coii 

Let  a  hollow  coil  be  connected  with  a  gal- 

'•'      vanometer,  and  a  magnet  held  over  it,  as  in 

Fig.  544.     As  long  as  the  magnet  remains 

I'ig.  M4.--cuiTeriimduwdbT      Stationary,    no    current    is    indicated;    but 

when  one  pole  of  the  magnet  is  thrust  into 

the  interior  of  the  coil,  the  needle  is  deflected  by  an  impulse  which 

lasts  only  as  long  as  the  motion  of  the  magnet.     If  the  magnet  is 
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allowed  to  remain  at  rest  iu  this  position,  tbe  needle,  as  soon  as  it 
has  time  to  recover  from  its  oscillations,  stands  at  zero;  but  on  with- 
drawing the  magnet,  another  current  will  be  indicated  in  the'opposite 
direction  to  the  former. 

Currents  may  also  be  induced,  with  even  more  striking  effect,  by 
moving  one  pole  of  a  magnet  towards  or  from  one  end  of  a  soft-iron 
bar  previously  placed  in  the  interior  of  the  coil  {Fig.  545),     These 


ku 


currents  are  due  to  the  magnetism  produced  and  destroyed  ip  the 
soft  iron.  When  the  interisity  of  ■magnelizatuni  of  a  piece  of  i/ron 
or  ateel  undergoes  changes,  currents  are  induced  in  neighbouring 
conductors.  The  directions  of  these  currents  can  be  inferred  from 
the  preceding  rules  by  supposing  a  solenoid  to  be  substituted  for  the 
maginet 

613.  Lena's  Law. — The  currents  induced  by  the  relative  movement 
either  of  two  circuits  or  of  a  circuit  and  a  magnet  are  always  in 
such  dvrectiona  as  to  produce  mechanical  forces  tending  to  oppose 
the  movement.  For  example,  when  two  parallel  wires,  through  one 
of  which  a  current  is  passing,  are  made  to  approach,  an  oppoate 
current  is  induced  in  the  other;  and  opposite  currents  by  their  mutual 
repulsion  resist  approach.  This  general  law  as  to  the  direction  of 
induced  currents  was  first  distinctly  enunciated  by  Lenz,  a  Russian 


613a.  DireotioQ  of  Indnced  CnrrentB  specified  by  Reference  to  Lines 
of  Us^etic  Force. — We  have  already  mentioned,  in  connection  with 
the  mutual  forces  between  magnets  and  currents  (§  931  b),  that  a 
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wire  conveying  a  current  experiences  force  perpendicular  to  its 
length,  and  at  the  same  time  perpendicular  to  the  lines  of  magnetic 
force,  when  placed  in  a  magnetic  field.  We  have  seen  that,  if  the 
current  is  from  foot  to  head,  and  the  lines  of  force  (for  an  austral 
pole)  run  from  front  to  back,  the  force  experienced  by  the  wire  is  a 
force  to  the  right  Motion  of  the  wire  to  the  right  will  diminish 
this  force  by  diminishing  the  current,  motion  to  the  left  will  increase 
it  by  increasing  the  current,  and  the  amount  of  increase  or  diminu- 
tion is  quite  independent  of  the  original  amount  of  current.  Let  the 
direction  of  the  lines  of  magnetic  force  for  an  austral  pole  be  called 
from  front  to  buck;  then  the  motion  of  a  conductor  to  the  rigid  gene- 
rates a  current  in  it  /rom  head  to  foot,  and  motion  in  the  opposite 
direction  generates  an  opposite  current  We  shall  have  frequent 
occasion  to  recur  to  this  criterion  of  direction,  which  applies  to  every 
case  of  induced  currents. 

As  the  generation  of  cuiTents  by  induction  depends  not  on  absolute 
but  on  relative  motion,  namely  the  relative  motion  of  the  conductor 
and  the  lines  of  magnetic  force,  the  criterion  of  direction  will  take 
the  following  form  when  the  conductor  is  supposed  to  be  stationary, 
and  the  lines  of  force  to  move.^  Let  the  direction  of  the  lines  of 
magnetic  force  for  an  austral  pole  be  called  from,  frord  to  hack,  then 
if  the  lines  of  force  move  so  as  to  cut  through  the  conductor  from 
right  to  left,  a  current  will  he  induced  in  the  conductor  froTn  head 
to  foot 

If  the  conductor  forms  part  of  a  closed  circuit,  we  shall  have  a 
continuous  current  flowing  through  it  as  long  as  the  motion  lasts. 
If  the  circuit  is  open,  there  will  merely  be  an  incipient  current, 
which,  if  its  direction  be  from  head  to  foot,  will  reduce  the  end  of  the 
conductor  which  we  are  regarding  as  its  foot  to  a  higher  electrical 
potential  than  the  other,  and  this  difference  of  potential  will  be 
maintained  as  long  as  the  motion  lasta 

613  b.  Quantitative  Statements. — In  order  to  state  the  quantitative 
laws  of  induced  currents  in  the  simplest  and  most  general  manner, 
we  must  employ  the  conception  of 'tube^  of  force  as  explained  in 
§  445  G  (but  they  will  now  be  tubes  not  of  electrical  but  of  magnetic 
force),  and  we  must  suppose  them  to  be  arranged  in  the  equable 
manner  described  in  §  445  H.     That  is  to  say,  we  must  suppose  the 

^  It  may  be  noted  that  when  a  bar-magnet  is  rotated  on  ite  axis,  it  induoee  no  cmrent 
in  a  neighbouring  wire,  inasmuch  as  its  lines  of  force  cut  such  a  wire  onoe  podtively  and 
onoe  negatively. 
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whole  field  cut  up  into  tubes  of  force  in  such  a  manner  that,  if  a 
cross-section  (an  equipotential  surface  as  regards  magnetic  potential) 
be  made  in  any  part  of  the  field,  the  number  of  tubes  per  unit  of 
sectional  area  is  equal  to  the  intensity  in  that  part  of  the  field.  It 
is  more  usual  to  speak  of  number  of  lines  of  force  than  of  number 
of  tubes,  the  convention  being  that  each  tube  contains  one  line ;  but 
the  counting  of  tubes  rather  than  lines  has  the  advantage  of  naturally 
allowing  fractional  parts  to  be  reckoned,  and  not  suggesting  the  idea 
of  discontinuity. 

The  tubes  of  force  due  to  a  magnet  are  to  be  regarded  as  rigidly 
attached  to  the  magnet,  and  carried  with  it  in  all  its  movements, 
whether  of  translation  or  rotation.  They  undergo  no  change  of  size 
or  form  unless  the  magnet  itself  undergoes  changes  in  its  magneti- 
zation. 

These  conceptions  being  premised,  the  qua-ntitative  laws  of  induced 
currents  can  be  stated  with  great  simplicity  and  complete  generality. 

1.  When  a  conductor  is  moved  in  a  magnetic  field,  the  electro- 
motive FORCE  generated  by  the  motion  is  equal  to  the  number  of 
tubes  which  the  conductor  cuts  through  per  unit  time. 

2.  If  the  conductor  forms  part  of  a  closed  circuit,  the  current 
generated  in  the  circuit  is  the  quotient  of  the  number  of  tubes  cut 
through  per  unit  time,  by  the  resistance  of  the  circuit;  and,  lastly, 

3.  The  whole  quantity  of  electricity  conveyed  by  the  current  is 
the  quotient  of  the  number  of  tubes  cut  through,  by  the  resistance  of 
the  circuit.  The  quantity  of  electricity  conveyed  by  a  current  of 
brief  duration  is  measured  by  observing  the  swing  of  a  galvanometer 
needle.  It  is  proportional  to  the  greatest  deviation  of  the  needle 
from  zero,  provided  that  this  deviation  is  small,  and  that  the  dura- 
tion of  the  current  is  less  than  that  of  the  swing.  When  experiments 
on  induced  currents  are  made  under  these  conditions,  it  is  found  that 
the  deviation  of  the  needle  is  not  sensibly  increased  by  moving  the 
inducing  magnet  or  coil  more  rapidly,  as  long  as  the  ground  moved 
over  is  the  same. 

The  dependence  of  the  quantity  of  electricity  induced  upon  the 
number  of  tubes  cut  through,  was  discovered  by  Faraday,  who  estab- 
lished it  experimentally  by  moving  a  loop  of  wire  in  various  ways 
in  the  vicinity  of  a  magnet.  The  three  foregoing  laws  were  all,  in 
fact,  substantially  established  by  the  series  of  researches  in  which 
these  experiments  occur.^ 

^  JUt€arche8,  vol.  iii.  series  zzyiii. 
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In  counting  the  tubes  cut  through,  it  is  necessary  to  attend  to  the 
direction  of  the  current  due  to  the  cutting  of  each  tube.  Those  tubes 
which  are  so  cut  as  to  give  currents  in  one  direction  round  the 
circuit  (when  tested  by  the  criterion  of  §  61 3  A)  must  have  one  sign 
given  them,  and  those  which  give  currents  in  the  opposite  directioa 
must  be  reckoned  as  of  the  opposite  sign.  It  is,  in  every  case  the 
algebraic  sum  that  is  to  be  taken ;  and  if  a  tube  is  cut  once  positively 
and  once  negatively,  it  may  be  left  out  of  the  reckoning. 

613  G.  Belation  of  Induced  Current  to  Work  done. — ^The  direction 
of  the  force  experienced  by  any  straight  i>ortion  of  a  circuit  con- 
veying a  current  in  a  uniform  field,  is  perpendicular  at  once  to  its 
own  length  and  to  the  lines  of  force.  If  L  be  its  length,  a  its 
inclination  to  the  lines  of  force,  C  the  current  flowing  through  it, 
and  I  the  intensity  of  the  field,  the  magnitude  of  the  force  will  be 
OIL  sin  a,  and  the  work  done  in  any  movement  of  translation 
will  be  the  product  of  this  force  by  that  component  of  the  distance 
moved  which  lies  in  the  direction  of  the  force.  All  this  may  be  more 
concisely  expressed  by  saying  that  the  work  done  by  magnetic  force 
is  the  product  of  C  by  the  number  of  tubes  of  force  which  the  wire 
cuts  through  in  its  motion,  any  tubes  which  are  cut  in  a  direction 
opposed  to  that  of  the  force  which  the  wire  experiences  being  counted 
negatively.  When  a  dosed  circuit  conveying  a  current  is  moved  in 
any  magnetic  field,  the  work  done  upon  it  by  magnetic  force  is  the 
product  of  the  strength  of  current  by  the  algebraic  number  of  tubes 
cut  through: 

Comparing  this  law  with  the  first  of  the  three  laws  given  in  the 
preceding  section,  we  see  that  the  work  done  per  unit  time  is  the 
product  of  the  actual  current  and  the  induced  electro-motive  force. 
The  original  current  is  increased  or  diminished  by  the  motion, 
according  as  work  is  done  a^gai/nst  or  by  the  magnetic  forces  of  the 
field 

This  result  can  be  shown  to  be  in  harmony  with  Joule*s  law 
(§  571),  according  to  which  the  energy- value  of  a  current,  for  each 
unit  of  time  that  it  lasts,  is  the  product  of  the  current  by  the  electro- 
motive force  producing  it  For,  if  C  and  E  denote  the  actual  amounts 
of  current  and  electro-motive  force,  and  CqEq  the  values  which  these 
elements  would  have  if  there  were  no  motion,  the  energy  required 
from  without  to  produce  the  motion  is,  by  the  law  we  are  now 
stating,  C(E  — Eq),  and  the  enei^y  represented  by  the  additional 
coDsumption  of  zinc  in  the  battery  is  (C— Co)E^  since,  with  a  given 
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number  of*  cells,  the  zinc  consumed  is  simply  proportional  to  the 
current.  The  sum  of  these  two  expressions  is  CE  —  C^E^;  which,  by 
Joule's  law,  represents  the  increase  in  current  energy. 

When  there  is  no  current  in  the  circuit  except  the  induced  cur- 
rent, work  must  always  be  done  against  the  forces  of  the  field  to  an 
amount  precisely  equal  to  CE,  the  energy- value  of  the  current. 

613  d.  Movement  of  Lines  of  Force  with  Change  of  Magnetization 
— ^As  long  as  a  piece  of  iron  or  steel  remains  unchanged  in  its  mag- 
netization, its  tubes  of  force  are  to  be  conceived  of  as  a  rigid  system 
rigidly  connected  with  it.  When  the  intensity  of  magnetization  is 
increased,  new  tubes  are  added  and  the  old  ones  are  crushed  together. 
The  new  tubes  are  to  be  regarded  as  coming  into  existence  at  the 
magnetic  axis  of  the  magnet,  and  pushing  the  old  ones  further  away 
from  the  axis.  When  the  intensity  of  magnetization  falls  off,  a 
reverse  motion  occurs,  and  the  axis  absorbs  those  tubes  which  lie 
next  it. 

Similar  remarks  apply  to  changes  of  strepgth  in  a  current  The 
lines  of  magnetic  force  due  to  a  current  in  a  wire  are  circles,  and  the 
tubes  of  force  are  rings,  having  the  wire  for  their  common  axis. 
When  the  current  receives  an  increase  of  strength,  the  new  rings 
must  all  be  conceived  of  as  starting  from  the  wire,  and  pushing  out 
the  old  rings  before  them,  and  on  the  diminution  or  cessation  of  the 
current  a  reverse  movement  occurs. 

When  a  current  suddenly  commences  in  a  wire,  or  a  piece  of  soft 
irqn  is  suddenly  magnetized,  a  neighbouring  wire  is  cut  through  by 
as  many  tubes  of  force,  and  subjected  to  the  same  inductive  influence, 
as  if  it  were  suddenly  moved  up  from  a  great  distance  into  its  actual 
position.  The  experimental  results  described  in  §609-612  are  thus 
only  particular  cases  of  the  general  principles  of  §  613a,  r 

613  b.  Motion  in  Uniform  Field. — If  we  define  a  uniform  magnetic 
field  as  a  field  of  uniform  intensity,  it  can  be  shown  to  follow,  as  a 
mathematical  consequence,  that  the  equipotential  surfaces  must  be 
parallel  planes,  and  the  lines  of  force  parallel  straight  lines.  The 
tubes  of  force  will,  of  course,  be  of  uniform  section,  and  the  number 
of  tubes  per  unit  of  cross  section  will  be  equal  to  I,  the  intensity  of 
the  field.  The  electro-motive  force  generated  by  the  motion  of  a 
straight  wire  of  length  L  in  such  a  field,  with  a  velocity  of  translation 
V,  being  equal  to  the  number  of  tubes  cut  through  in  unit  time,  will 
be  LVI,  if  the  length  of  the  wire  and  the  direction  of  motion  are 
perpendicular  to  each  other  and  to  the  lines  of  force.    For  any  other 
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position  of  the  wire,  and  for  any  other  direction  of  motion,  the 
number  of  tubes  cut  through  will  evidently  be  lesa  If  the  length 
of  the  wire  is  parallel  to  the  lines  of  force,  no  tubes  will  be  cut 
through,  whatever  be  the  direction  of  motion ;  and  if  the  direction  of 
motion  be  parallel  to  the  lines  of  force,  no  tubes  will  be  cut  through, 
whatever  be  the  position  of  the  wire.  In  these  two  cases,  then, 
there  is  no  generation  of  electro-motive  force  tending  to  produce  a 
current  along  the  wire. 

Terrestrial  magnetism  furnishes  us  with  an  example  of  a  uniform 
field,  so  long  as  we  confine  our  attention  to  a  space  of  moderate 
dimensions,  such  as  the  interior  of  a  room. 

613f.  Unit  of  Besistance. — Units  of  length,  Tnass,  and  time^  having 
been  selected,  unit  force  is  defined  as  that  which,  acting  on  unit  mass 
for  unit  time,  generates  unit  velocity. 

A  magnetic  pole  of  unit  strength,  or  a  unit  pole,  is  defined  as  that 
which  attracts  or  repels  an  equal  pole  at  unit  distance  with  unit 
force. 

Unit  intensity  of  field  is  defined  as  the  intensity  at  a  place  where 
a  unit  pole  experiences  unit  force. 

A  unit  current,  or  a  current  of  unit  strength,  is  one  whidi,  for 
each  unit  of  its  length,  affects  a  unit  pole  at  unit  distance  with  unit 
force.  In  ])assing  through  a  circular  coil  of  unit  radius  and  length  I, 
the  force  which  it  exerts,  on  a  unit  pole  at  the  centre  is  I. 

Unit  electro-inotive  force  is  the  electro-motive  force  existing  in  a 
circuit  in  which  unit  current  does  unit  work  in  each  unit  of  time, 
and  unit  resistance  is  the  resistance  of  a  circuit  in  which  unit  electro- 
motive force  would  produce  unit  current. 

The  course  of  the  above  investigation  shows  that  the  units  of 
length,  mass,  and  time  are  sufficient  to  determine  all  the  other  units 
mentioned.  It  can  further  be  shown ^  that  the  unit  of  resistance  is 
independent  of  the  unit  of  mass,  and  depends  only  on  the  units  of 
length  and  time,  being  directly  as  the  unit  of  length,  and  inversely 
as  the  unit  of  time — a  property  which  is  also  characteristic  of  the 
unit  of  velocity.  Hence  a  resistance,  like  a  velocity,  can  be  ade- 
quately expressed  in  metres  per  second.  The  unit  of  resistance  nov 
commonly  employed  is  the  ohm,  which  is  defined  as  ten  million 
metres  per  second.  The  resistance  of  an  ordinary  Daniell's  cell  is 
about  half  an  ohm.  The  resistance  of  a  mile  of  submarine  telegraph- 
cable  is  from  4  to  1 2  ohms. 

^  See  appendix  at  the  end  of  this  chapter. 
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614.  Indnction  by  means  of  Terrestrial  Magnetism. — If  a  wire  ring, 
or  any  other  form  of  closed  circuit,  receives  a  movement  of  transla- 
tion  in  a  uniform  field,  no  current  is  generated,  because  the  same 
number  of  force-tubes  are  cut  negatively  as  positively.  Whatever 
cuirents  are  generated  by  the  motion  of  a  closed  circuit  in  the  terres- 
trial magnetic  field,  must  therefore  be  due  solely  to  rotational  move- 
ments. Suppose  the  circuit  to  consist  of  a  single  circle  of  wire,  and 
let  it  be  initially  placed  so  that  its  plane  is  perpendicular  to  the 
dipping-needle,  and  therefore  perpendicular  to  the  lines  of  magnetic 
force.  In  this  position,  the  number  of  force-tubes  which  it  incloses 
is  equal  to  the  product  of  the  inclosed  area  by  the  total  intensity  of 
terrestrial  magnetic  force,  that  is  to  «-r^I,  I  denoting  this  intensity, 
and  r  the  radius  of  the  circle.  Now  let  the  ring  rotate  through  180° 
about  any  diameter,  so  that  it  comes  back  into  its  original  place,  but 
facing  the  opposite  way.  During  this  semi-revolution,  each  half  of 
the  ring  has  cut  through  all  the  tubes  which  passed  through  the  ring, 
and  though  in  one  sense  the  two  halves  have  been  cutting  the  tubes 
in  opposite  directions,  the  application  of  the  criterion  of  §  61  3  b  shows 
that  the  resulting  cuiTents  are  in  the  same  direction  round  the  circuit. 
The  number  of  tubes  cut  through  is  therefore  to  be  reckoned  as  Sirr^I, 
and  the  quotient  of  this  by  the  time  occupied  in  a  semi-revolution 
is  the  average  electro-motive  force  (§  61 3  e).  If  the  rotation  be 
uniform,  the  actual  electro-motive  force  is  greatest  in  the  middle  of 
the  semi-revolution,  and  is  zero  at  its  commencement  and  termina- 
tion. During  the  other  half-revolution  the  circumstances  are  pre- 
cisely the  same,  except  that  the  two  halves  of  the  ring  have  changed 
places.  If  we  compare  the  currents  in  two  positions  of  the  ring 
which  differ  by  180°,  we  see  that  the  current  round  the  ring  has  the 
same  direction  in  space,  but  opposite  directions  as  regards  the  ring 
itself. 

If,  instead  of  a  single  ring  of  wire,  we  have  a  circular  coil  consist- 
ing of  any  number  of  convolutions,  with  its  two  ends  united,  the 
same  principles  apply.  If  there  are  n  convolutions,  the  electro- 
motive force  will  be  n  times  greater  than  with  one,  but  as  the  resist- 
ance is  also  n  times  greater  the  strength  of  current  is  the  sama 

In  the  apparatus  called  Delezennes  Circle,  a  coil  of  wire  revolves 
about  a  diameter,  but  the  two  ends  of  the  coil,  instead  of  being 
directly  united,  are  so  connected  with  the  two  ends  of  the  axis  of 
rotation  that  the  circuit  is  completed  through  a  galvanometer.  On 
rotating  the  ctoil  rapidly  by  means  of  a  handle  provided  for  the 
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puq)08e,  a  current  is  indicated  by  the  galvanometer,  and  this  current 
is  found  to  be  strongest  (for  a  given  rate  of  rotation)  when  the  axis 
is  perpendicular  to  the  dipiting-needle.  If  the  axis  is  inclined  at  an 
angle  6  to  the  dipping-needle,  the  current  is  proportional  to  sin  0;  and 
if  the  axis  is  parallel  to  the  dipping-needle  there  is  no  current  at  all. 
For  a  given  position  of  the  axis,  the  current  varies  directly  as  the 
speed  of  rotation.  When  the  time  of  a  revolution  is  only  a  small 
fraction  of  the  time  in  which  the  needle  would  oscillate,  the  varia- 
tions of  electro-motive  force,  and  consequently  of  current,  which  take 
place  during  a  revolution,  have  not  time  to  manifest  themselves,  and 
the  deflection  of  the  needle  is  that  due  to  the  average  current  It  is 
necessary,  however,  that  a  commutator  be  employed  to  prevent  the 
reversal  of  the  current  at  each  half-revolution.  The  proportionality 
of  the  current  to  sin  6  is  easily  inferred  from  the  principles  of  the 
foregoing  sections;  for  if  the  plane  of  a  circle,  instead  of  being  per- 
pendicular to  the  lines  of  force,  is  inclined  to  them  at  an  angle  0, 
the  number  of  force-tubes  which  it  incloses  will  be  not  irr*I,  but 
irr*Isina 

614  a.  British  Association  Experiment. — The  experiments  upon 
which  the  present'  standards  of  resistance  depend  for  their  authority, 
were  conducted  by  a  committee  of  the  British  Association  in  1862. 
A  circular  coil  of  wire,  with  its  ends  joined,  was  made  to  revolve 
rapidly,  at  a  measured  rate,  about  a  vertical  axis;  and  the  current 
induced  was  measured  by  the  deflection  of  a  magnetized  needle  sus- 
pended, within  a  glass  case,  in  the  centre  of  the  coil.  The  part  of 
the  earth's  magnetic  force  which  comes  into  play  in  this  arrangement, 
is  only  the  horizontal  component,  or  I  cos  ^,  ^  denoting  the  dip;  and 
it  is  worthy  of  remark  that  variations  in  the  horizontal  intensity  do 
not  alter  the  deflection  of  the  needle,  since  they  affect  to  ihe  same 
extent  the  amount  of  the  induced  current,  and  the  terrestrial  couple 
on  the  needle  tending  to  resist  deflection. 

All  the  other  elements  involved  were  determined  by  observatioD, 
and  hence  the  value  of  R  in  metres  per  second  was  calculated.  By 
comparing  the  resistances  of  other  coils  with  that  of  the  coil  used  in 
this  experiment  (a  comparison  easily  made  by  ordinaiy  methods), 
their  values  in  metres  per  second  were  at  once  determined ;  and  it 
was  easy  to  construct  a  resistance-coil  often  million  metres  per  secood, 
or  any  other  desired  amount  of  resistance.  Standard  resistance-coik 
are  usually  made  of  German  silver ;  this  material  being  selected  od 
account  of  the  smallness  of  its  temperature  correction.     Ail  metals 
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have  their  resistances  increased  by  heat,  and  a  standard  coil  can 
therefore  only  be  correct  at  one  particular  temperature. 

j616.  Induction  of  a  Current  on  Itself:  Extra  Current. — If  two  por- 
tions  of  the  same  wire  are  side  by  side,  the  sudden  commencement 
or  cessation  of  a  current  in  one,  induces  a  current  in  the  other,  just 
as  if  they  were  portions  of  two  unconnected  circuits.  An  action  of 
this  kind  occurs  whenever  a  current  commences  or  ceases  in  a  coil, 
each  convolution  exercising  an  inductive  influence  on  the  rest  This 
action  is  called  the  induction  of  a  cwi^ent  upon  itself,  and  the  cur- 
rent due  to  it  is  called  an  extra  cv/rrent. 

The  extra  current  on  the  commencement  of  the  primary  current  is 
inverse,  and  merely  acts  as  a  hindrance  to  commencement,  but  the 
extra  current  on  the  stoppage  of  the  primary  current  is  direct  and 
is  often  a  strongly-marked  phenomenon.  Hence  it  is  tha£.  witl) 
batteries  of  ordinary  power,  a  spark  is  obtained  on  breaking,  but  not 
on  making  connection.  The  spark  is  particularly  brilliant  when  a 
coil  of  many  convolutions  is  included  in  the  circuit,  and  especially  if 
this  coil  incloses  a  core  of  soft  irpn.  If  an  observer  holds  in  his  hands 
two  metallic  handles  permanently  connected  with  the  two  ends  of 
such  a  coil,  and  if  the  circuit  of  the  battery  is  alternately  made 
and  broken,  he  will  receive  a  shock  from  the  extra  current  at 
each  interruption.  If  the  interruptions  succeed  each  other  rapidly, 
the  physiological  effect  may  become  very  intense.  Many  of  the 
machines  employed  for  medical  purposes  are  constructed  on  this 
plan. 

Special  contrivances  are  provided  for  producing  a  rapid  succession 
of  interruptions  at  regular  intervals.  They  are  called  rheotoniea  or 
cantact-breakera.  Sometimes  they  consist  of  toothed  wheels  turned 
by  hand, — sometimes  of  vibrating  armatures  moved  automatically. 

616.  Buhmkorff's  Induction-coil. — Induced  currents  capable  of  pro- 
ducing very  striking  effects  are  furnished  by  the  apparatus  first 
successfully  constructed  by  Ruhmkorff,  and  hence  known  as  Buhm- 
korff*s  coil. 

It  contains  two  coils  of  wire,  one  of  them  forming  part  of  the 
circuit  of  a  battery,  and  called  the  primary  coil ;  while  in  the  other, 
called  the  secondary  coil,  the  induced  cun*ents  are  generated.  In  the 
axis  of  the  coils  is  a  bundle  of  stout  straight  wires  of  soft  iron,  with 
a  disc  of  the  same  material  at  each  end,  to  which  the  wires  are 
united.  Around  this  core  is  wound  the  primary  coil,  consisting  of 
a  copper  wire  about  two  millimetres  in  diameter.     The  ends  of  this 
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wire  are  shown  at  /  and  f.  The  secondary  coil  consists  of  mnch 
finer  wire  (about  a  qnarter  of  a  millimetre  in  diameter)  and  of  much 
greater  length.  In  large  instruments  the  primary  coil  may  have  ft 
length  of  81)  metres,  and  the  secondary  a  length  of  150  kilometres 
(94  miles).  Special  precautions  must  be  taken  to  insulate  the  dif- 
ferent convolutions  of  the  secondary  coil  from  one  another,  and  from 
the  primary  coil.  The  two  ends  of  the  secondary  wire  are  at  the 
binding-screws  A,  B,  which  are  supported  on  glass  pillars.  It  is 
obvious  that  if  currents  are  alternately  passed  and  stopped  in  the 
primary  coil,  there  will  be  an  alternate  generation  of  currents  (or  at 
all  events  of  electro-mntive  forces)  in  opposite  directions  in  the 
secohdaty  coil  The  action  of  the  core  ia  similar  to  that  of  the  soft- 
iron  bar  in  Fig.  545,  and  its  inductive  effect  is  always  in  the  same 
direction  as  that  of  the  primary  coil,  for  the  primary  coil  may  itself 
he  regarded  as  a  temporary  magnet  with  its  poles  tnmed  the  same 
way  as  those  of  the  core. 

The  successive  makes  and  breaks  are  effected  automatically  in 
various  ways.  In  small  instruments  the  arrangement  adopted  is 
usually  the  same  as  that  of  the  vibrating  alarum  described  in  §  587; 


but  for  large  instruments  Foucault's  contact-breaker  ia  preferred 
It  is  represented  in  its  place  in  Fig.  547. 

The  wires  from  the  battery  are  attached  at  h  and  h'.  The  current, 
entering  for  example  at  b,  passes  to  the  commutator  C,  and  tbence, 
through  a  brass  bar  let  into  the  table,  to  the  end  /  of  Ihe  primary 
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coil.  Having  traversed  this  coil,  it  comes  out  at/',  and  is  conducted 
to  a  vertical  pillar,  carrying  at  iba  upper  end  a  spring,  to  which  the 
transverse  lever  L  is  attached.  One  end  of  the  lever  carries  a  point 
which  JuBt  dips  in  the  mercury  of  the  vessel  M,  the  bottom  of  which 
is  metallic,  and  is  in  communication  with  b'.  The  other  end  of  the 
lever  carries  a  small  armature  of  soft  iron  just  above  the  end  of  the 
core. 

When  the  current  passes,  the  core  becomes  mt^etized  and 
attracts  this  armature,  thus  lifting  the  point  at  the  other  end  of  the 
lever  out  of  the  mercury  and  breaking  circuit.  The  core  being  thus 
demagnetized,  the  elasticity  of  the  spring  releases  the  armature,  and 
the  point  agun  dips  in  the  mercury,  and  completes  the  circuit  A 
thin  layer  of  absolute  alcohol  is  usually  poured  on  the  surface  of  the 
mercury,  and  serves,  by  ita  eminent 
non-conducting  power,  to  make  the 
interruptions  and  renewals  of  the  cur- 
rent more  sudden. 

The  ctymmutator  C  is  a  frequent 
appendage  to  electrical  apparatus,  its 
office  being  to  stop  the  current  from 
passing,  or  to  make  it  pass  in  either 
direction  at  pleasure.  As  fitted  to 
Ruhmkorff's  coil,  it  has  usually  the 
form  represented  in  end  view  and 
bird's-eye  view  in  the  two  parts  of 
Fig.  548.  There  is  a  cylinder  of  in- 
sulating material  turning  by  means  of 
metallic  axle-ends  on  insulating  sup- 
ports. One  of  the  axle-ends  is  con- 
nected by  means  of  the  screw  g  with 
the  brass  plate  C  on  the  surface  of  the 
cylinder.  A  similar  plate  Con  the 
opposite  side  is  in  like  manner  per- 
manently connected  with  the  other  pij. Hg-commouior. 
axleend  by  the  screw  g'.     These  two 

plates  CC  leave  between  tbem  a  considerable  portion  of  the  insulat- 
ing surface  of  the  cylinder  uncovered.  In  the  position  represented 
in  Fig,  548,  the  two  binding-screws  A  A'  are  connected  respectively 
with  the  two  axle-ends.  If  the  commutator  were  turned  (by  its 
milled  head)  through  180°,  these  connections  would  be  reversed;  and 


76* 


INDUCTION   OF  CURRENTS. 


if  it  were  turned  through  90°,  the  oonnections  would  be  interrupted, 
as  the  contact-springs  //'  would  bear  against  the  uncovered  portions 
of  the  insulating  cylinder.  The  milled  head  is  of  course  insulated 
from  the  axle-enda  so  as  to  protect  the  operator. 

617.  Spark  flrom  Induction  Coil. — When  the  ends  of  the  secondaiy 
coil  are  connected,  currents  traverse  it  alternately  in  opposite  diree- 
tions,  as  the  primary  circuit  is  made  and  broken.  These  opposite 
currents  convey  equal  quantities  of  electricity,  and  if  they  are  em- 
ployed for  decomposing  water  in  a  voltameter,  the  same  proporiioofl 
of  oxygen  and  hydrogen  are  collected  at  both  electrodes.  I£  how- 
ever, the  ends  are  disconnected,  so  that  only  disruptive  discharge  ean 
occur  between  them,  the  inverse  current,  on  account  of  its  lower 
electro-motive  force,  is  unable  to  overcome  the  intervening  resiataiioe, 
and  only  the  direct  current  passes  (that  is,  the  current  produced  by 
breaking  the  primary  circuit).  The  sparks  are  from  an  inch  to  abool 
18  inches  long,  according  to  the  size  and  power  of  the  apparatus^  and 
exhibit  effects  comparable  to  those  obtained  by  electrical  machineB. 
A  Leyden  battery  may  be  charged,  glass  pierced^  or  combustible 
bodies  inflamed. 

The  great  electro-motive  force  of  the  induced  current^  which  enaUes 
it  to  produce  these  striking  effects,  depends  on  the  great  number  df 
convolutions  of  the  secondary  coil,  and  on  the  suddenness 
of  the  interruptions  of  the  primary  current  The  quantilry 
of  electricity  which  passes  through  the  secondary  oml 
depends  on  the  product  of  the  number  of  convolutiona  Vy 
the  number  of  tubes  of  force  which  cut  through  them 
(§  613  f),  and  is  the  same  whether  the  cessation  be  sudden 
or  gradual ;  but  the  electro-motive  force  varies  invi 
as  the  time  occupied 

The  discharges  from  a  Ruhmkorff's  coil  become 
violent  and  detonating  if  the  two  electrodes  are 
nected  respectively  with  the  two  coatings  of  a  Leyden 
jar  or  other  condenser.  Aii  apparatus  consisting  of  nu- 
merous sheets  of  tin-foil  separated  by  oiled  silk  (aJtemaie 
sheets  of  foil  being  connected)  is  frequently  employed 
for  this  purpose,  and  is  placed  beneath  the  instrument 

Statham'g  FuM.    SO  aS  to  bc  OUt  of  sight 

Induction  coils  are  often  used  for  firing  mines,  by  meana 
of  Statham's  fuse,  which  is  represented  in  the  annexed  figure  (Fig.  549). 
Two  copper  wires  covered  with  gutta-percha  have  their  ends  sepa- 


Fig.  549. 
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rated  by  a  space  of  a  few  millimetres,  and  inclosed  in  a  little  cylinder 
of  gatta-percLa  containing  aulphm^fc  of  copper.  This,  again,  ia  inclosed 
in  a  cartridge,  CD,  which  is  filled  up  with  gunpowder.     The  two 
wires  are  connected  with  the  two  ends  of 
the  secondary  coil,  and  when  the  instra- 
ment  is  set  in  action,  sparks  paitB  between 
tbe  ends  A,  B,  beating  the  sulphuret  of  cop- 
per to  redness,  and  exploding  the  powder. 

618.  DiBchargre  in  B&refled  aases. — When 
the  ends  of  tbe  aecondaiy  coil  are  con- 
nected with  the  electrodes  of  tbe  electric 
egg  (Fig.  550),  wbich  has  first  been  ex- 
hausted as  completely  as  possible  by  the 
air-pump,  a  luminous  sheaf,  of  purple  col- 
our, is  seen  extending  from  tbe  positive 
ball  to  within  r.  little  distance  of  the  ne- 
gative balL  The  latter  is  surrounded  by 
a  bluish  glow.  The  blue  and  purple  lights 
are  separated  by  a  small  interval  of  dark- 
ness. If  other  gases  are  used  instead  of 
air,  tbe  tints  change,  but  there  is  always  a 
decided  difference  of  tint  between  the  posi- 
tive and  negative  extremities.  By  the  aid 
of  tbe  commutator  it  is  easy  to  reverse  the 
current,  and  thus  produce  at  pleasure  an 
interchange  of  the  appearances  presented  m.  MO.-EiKtdi^. 

by  the  two  terminals. 

If,  before  exhausting,  we  introduce  into  the  e^  a  little  alcohol, 
turpentine,  or  other  volatile  liquid,  the  light  presents  a  series  of 
bright  bands  alternating  with  dark  spaces.  Plate  II.  Fig.  1  repre- 
sents these  stratifications  as  seen  in  vapour  of  alcohol. 

The  phenomenon  of  stratification  is  seen  to  more  advantage  in 
long  tubes  than  in  the  electric  egg;  and  the  presence  of  alcoholic  or 
other  vapour  may  be  dispensed  with  if  the  exhaustion  be  carried 
suf&cientJy  far,  as  in  tbe  tubes  constructed  by-  Geissler  of  Bonn, 
which  contain  various  gases  very  highly  rarefied,  and  have  pla- 
tinum wires  sealed  into  their  extremities  to  serve  as  electrodes 
Four  such  tubes  are  represented  in  Plate  II.  Certain  substances, 
such  as  uranium  glass,  and  solution  of  sulphate  of  quinine,  become 
luminous  ia  tbe  presence  of  the  electric  light,  and  are  called  fiuores- 
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cent     Such  substances  are  often  introduced  into  Geisslers  tubes,  for 
the  sake  of  the  brilliant  effects  which  they  produce. 

619.  Action  of  Magnets  on  durents 
in  Barefled  Oases.— The  luminous  di^ 
charges  in  Geissler's  tubes  are,  hke 
the  voUaic    arc,    veritable  currenU 
They  are  capable  of  deflecting  a  mag- 
netized needle,   and  are   themselves 
acted  on  by  magnets,  as  in  the  fol- 
lowing experiment.    A  soft-iron  rod 
(Fig.  551)  is  fitted  in  the  interior  of 
a  glass  vessel  from  which  the  air  can 
be  exhausted,  and  is  coated  with  sn 
insulating  substance  to  prevent  dis- 
charge between  it  and  a  metallic  ring 
which  surrounds  it  near  its  lower  end 
When  the  terminals  of  a  battery  are 
connected,  one  with  this  ring,  and  the 
other  with  the  upper  end  of  the  ap- 
paratus, a  luminous  sheaf  extends  from 
the  summit  towards  the  wire  ring, 
and  surrounds  the  soft  iron«    If,  while 
things  are  in  this  condition,  we  place  beneath  the  apparatus  one 
pole  either  of  a  permanent  magnet  or  an  electro-magnet,  the  sofl-iron 
rod  is  magnetised,  and  the  luminous  streaks  immediately  begin  to 
revolve  round  it,  the  direction  of  rotation  being  always  in  accorduioe 
with  the  rule  of  §  531 B. 

620.  Magneto-electric  Machines. — Faraday's  discovery  of  the  in- 
duction of  currents  by  magnets,  was  speedily  utilized  in  the  construc- 
tion of  magneto-electric  machines,  which,  without  a  battery,  and  with 
no  other  stimulus  than  that  afforded  by  the  presence  of  a  permanent 
magnet,  enable  the  operator,  by  the  expenditure  of  mechanical  work, 
to  obtain  powerful  electrical  effecta  The  first  machine  of  this  kind 
was  constructed  in  1833  by  Pixii.  A  magnet  A  was  made  to  revolve 
close  to  a  double  coil  B  B',  in  which  a  current  was  thus  generated 
The  construction  was  improved  by  Saxton,  and  afterwards  by  Clarke, 
who  made  the  magnet  fixed,  and  caused  the  coil,  which  is  much 
lighter,  to  rotate  in  front  of  it.  Clarke's  machine  is  extremely  well 
known,  being  found  in  nearly  all  collections  of  physical  apparatua 

621.  Clarke's   Machine. — In   this  machine  there  is  a  compound 


Fi^.  551.— Action  of  Magnota  on  the 
Diacharge. 
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horse-shoe  magnet  lixed  to  a  vertical  support.     Close  in  front  of  the 
mftonet.   npji,r  itn  nn1(>^  are  two 


ries  a  pinioQ.     By  means  of  rr  endless  chain   passing   over  this 
pinion,  and  over  a  large  wheel  to  which  a  handle  is  attached,  the 
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pinion,  and  with  it  the  coila,  can  be  made  to  revolve  rapidly.     The 

ends  of  the  wire  which  forms  the  two  coils  are  connected  respectively 

with  the  two  metallic  pieces  E,  E'  (Fig.  551).  which  are  mounted  on 

the  axis,  but  insulated  from 

it  and  from  each  other. 

Let  us  now  examine  the 
formation  of  the  currentSi.  The 
two  iron  cores,  with  their  con- 
necting iron  plate,  may  be  re- 
garded as  a  temporary  horse- 
shoo  magnet,  whose  poles  are 
always  of  opposite  name  to 
those  of  the  steel  magnet  which 
are  respectively  nearest  to 
«s  sM.-conmmu««o(ci«k.'.M«a«u«.  *'*'«°"-    ^be  intensity  of  mag- 

netization is  greatest  when  the 
soft-iron  mjignet  is  horizontal,  vanishes  when  it  is  vertical,  and  in 
paissing  through  the  vertical  position  undergoes  reversal  Ifwe  call  one 
direction  of  magnetization  positive  and  the  opposite  direction  negative, 
the  strongest  positive  magnetization  corresponds  to  one  of  the  two 
horizontal  positions,  and  the  strongest  negative  to  the  other,  the 
two  positions  differing  by  180°.  While  the  mi^et,  then,  is  revolv- 
ing from  one  horizontal  position  to  the  other,  its  magnetization  is 
changing  from  the  strongest  positive  to  the  strongest  negative,  and 
this  change  produces  a  current  iu  one  defitiite  direction  in  the  sur- 
rounding coil.  During  the  next  half-reyolntioa  the  magnetization 
is  again  gradually  reversed,  and  an  opposite  current  is  generated  in 
the  coil  If  we  examine  the  direction  of  the  cnirents  due  to  the 
cutting  across  of  the  lines  of  force  of  the  permanent  magnet  by  the 
convolutions  of  the  coil,  we  shall  find  that  they  concur  with  those 
due  to  the  action  of  the  cores.  The  current  in  the  coils  circulates 
in  one  direction  as  long  as  the  electro-magnet  is  moving  from  one 
horizontal  position  to  the  other,  and  changes  its  direction  at 
the  instant  when  the  cores  come  opposite  the  poles  of  the  steel 
magnet. 

By  the  aid  of  the  commutator  represented  in  Fig.  554,  the  currents 
may  be  made  to  pass  always  in  the  same  direction  through  an 
external  circuit  r  and  r'  are  two  contact-springs  bearing  against 
the  two  metal  pieces  E,  E',  which  are  the  terminals  of  the  coiL  At 
the  instant  when  the  current  in  the  coil  is  reversed,  these  springs 
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are  in  contact  with  intermediate  insulating  pieces  which  separate  the 
metallic  pieces  E,  E'.  When  the  current  in  the  coil  is  in  one  direc- 
tion  (say  from  E  to  E'),  r  is  in  contact  with  E,  and  r'  with  E'.  When 
the  current  in  the  coil  is  in  the  opposite  direction  (E'  to  E),  r  is  in 
contact  with  E',  and  r'  with  E ;  thus  in  each  case  r  is  the  positive 
and  t'  the  negative  spring,  and  the  current  will  be  from  r  to  r'  in  an 
external  connecting  wire.  00,  O'O',  are  metallic  pieces  insulated 
from  each  other,  and  connected  with  the  springs  r/  respectively. 
Binding-screws  are  provided  for  attaching  wires  through  which  the 
current  is  to  be  passed. 

With  this  machine  water  can  be  decomposed,  wire  heated  to  red- 
ness, or  soft  iron  magnetized;  but  these  effects  are  usually  on  a 
small  scale  on  account  of  the  small  dimensions  of  the  machina 

For  giving  shocks,  two  wires  furnished  with  nietallic  handles  are 
attached  to  the  binding-screws,  and  a  third  spring  is  employed  which 
puts  the  terminals  E  E'  in  direct  connection  with  each  other  twice  in 
each  revolution,  by  making  contact  with  two  plates  g.  When  these 
contacts  cease,  the  current  is  greatly  diminished  by  having  to  pass 
through  the  body  of  the  person  holding  the  handles,  and  the  extra- 
current  thus  induced  gives  the  shock.  To  obtain  the  &|trongest  effect, 
the  hands  should  be  moistejaed  with  acidulated  water  before  grasping 
the  handles. 

622.  Magneto-electric  Machines  for  LighthouBeB. — Very  powerful 
effects  can  be  obtained  from  magneto-electric  machines  of  large  size 
driven  rapidly.  Such  machines  were  first  suggested  by  Professor 
Nollet  of  Brussels;  and  they  have  been  constructed  by  Holmes  of 
London  and  the  Compagnie  I'Alliance  of  Paria  It  is  by  means  of 
these  ma<ihines  that  the  electric  light  is  maintained  in  lighthouses ; 
they  have  also  been  employed  to  some  extent  in  electro-metallurgy. 
Fig.  555  represents  the  pattern  adopted  by  the  French  company. 
It  has  eight  rows  of  compound  horse-shoe  magnets  fixed  symmetri- 
cally round  a  cast-iron  frame.  They  are  so  arranged  that  opposite 
poles  always  succeed  each  other,  both  in  each  row  and  in  each  cir- 
cular set.  There  are  seven  of  these  circular  sets,  with  of  course  six 
intervening  spaces.  Six  bronze  wheels,  mounted  on  one  central  axis, 
revolve  in  these  intervals,  the  axis  being  driven  by  steam-power 
transmitted  by  a  pulley  and  belt.  The  speed  of  rotation  is  usually 
about  350  revolutions  of  the  axis  per  minute.  Each  of  the  six 
bronze  wheels  carries  at  its  circumference  sixteen  coils,  corresponding 

to  the  number  of  poles  in  each  circular  set.     The  core  of  each  coil  is 

50 
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a  clefl  tube  of  soft  iron,  this  form  baviog  been  foond  pecoliariy 
&Toiirable  to  rapid  demagnetization. 

Each  core  has  its  magnetism  reversed  sixteen  times  in  each  revoto- 


U.— Ughchoua  XndilDa. 


tion,  by  the  influence  of  the  sixteen  successive  pairs  of  poles  between 
which  it  passes,  and  the  same  number  of  currenta  in  alternately 
opposite  directions  are  generated  in  the  coils.  The  coils  can  be  con- 
nected in  different  ways,  accordiog  as  great  electro- motive  foree  or 
small  resistance  is  required.  The  positive  ends  are  connected  with 
the  axis  of  the  machine,  which  thus  serves  as  the  positive  electrode, 
and  a  concentric  cylinder,  well  insulated  from  it,  is  employed  as  the 
negative  electrode. 

When  the  machine  is  employed  for  the  production  of  the  electric 
light,  the  currents  may  be  transmitted  to  the  carbon  points  in  alter- 
nate directions,  as  they  are  produced.  For  electro-metallurgiail 
purposes  they  are  brought  into  one  constant  direction  by  a  com- 
mutator, an  in  Oarke's  machine  above  described.  The  driving-power 
required  for  hghthouse  purposes  is  about  three  horse-power. 

628.  SiamenB'  Armature, — An  important  improvement  in  Clarke's 
machine  was  introduced  by  Siemens  of  Berlin  in  1831.  It  consists 
in  the  adoption  of  a  peculiar  form  of  electro-magnet,  whicli  is  repre- 
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seated  in  Fig,  556.  The  iron  portion  is  a  cylinder  with  n  very  deep 
and  wide  groove  cut  along  a  pair  of  opposite  Bides,  and  continued 
round  the  enda     The  coil  is  wound  in  this  groove  like  ^ 

thread  upon  a  shuttle.  Kegarded  as  an  electro-magnet, 
the  poles  are  not  the  ends  of  the  cylinder,  but  are  the 
two  cylindrical  faces  which  have  not  been  cut  away.  In 
Fig.  557,  a  b  is  a  section  of  the  annature  with  the  coil 
wound  upon  it  ABMN  is  a  socket  within  wbibh  the 
armature  revolves,  the  portions  AB  being  of  iron,  and 
MN  of  brasa 

The  advantf^e  of  Siemens'  armature  is  that,  on  account 
of  the  Binall  space  required  for  its  rotation,  it  can  be  kept 
in  a  region  of  very  intense  magnetic  force  by  the  use  of 
comparatively  smalt  magnets.  Its  form  is  also  eminently 
favourable  to  rapid  rotation.  It  is  placed  between  the 
opposite  poles  of  a  row  of  horse-shoe  magnets  which  be- 
stride it  along  the  whole  of  its  length,  as  shown  at  the 
top  of  Fig,  559,  and  is  rotated  by  means  of  a  driving-band 
passing  over  the  pulley  shown  at  the  lower  end  of  Fig,  556. 

The  polarity  of  the  electro-magnet  is  reversed  at  each 
half- revolution  as  in  Clarke's  arrangement,  and  the  alter- 
nately opposite  currents  generated  are  reduced  to  a  com- 
mon direction  by  a  commutator  nearly  identical  with 
Clarke's,  and  represented  in  Figs.  55C,  558.  Siemens'  Fi(.ua. 
machines  are  mueh  more  powerful  than  Clarke's  when  of  '^m,^ 
the  same  size. 

624.  AooDfflnlation  h;  SncoeBsive  Action;  Wilde's  Haohine. — By 


n(.  UT.-SaetlaBntBiaiinH'  Anwton,  Fl(.  MS.— ComunUtoc. 

«mploying  the  current  from  a  Siemens'  machine  to  magnetize  soft 


772  INDUCTION   OP  CURRENTS. 

iron,  we  can  obtain  an  electro-magnet  of  inucli  greater  power  tBan 
the  steel  magnets  from  wliose  induction  the  current  was  derived. 
By  causing  a  second  coil  to  rotate  between  the  poles  of  this  electro- 
magnet, we  can  obtain  a  current  of  much  greater  power  than  the 


IB.— Wild<-|  Uublu. 


primaiy  current.  This  is  the  principle  of  WiMe's  machine,  which  ie 
represented  in  Fig.  559.  It  consiste  of  two  Siemens'  Boachines,  one 
above  the  other.  The  upper  machine  derives  its  inductive  action 
&om  a  row  of  steel  magnets  M,  whose  poles  rest  on  the  soft-iron 
masses  m,n,  forming  the  sides  of  the  socket  within  which  a  Siemens' 
armature  r  rotates.     The  ciurents  generated  in  the  coil,  after  being 
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reduced  to  a  uniform  direction  by  a  commutator,  flow  to  the 
binding-screws  j9,  q.  These  are  the  terminals  of  the  coil  of  the  large 
electro-magnet  AB,  through  which  accordingly  the  current  circulates. 
The  core  of  this  electro  magnet  consists  of  two  large  plates  of  iron, 
connected  above  by  another  iron  plate,  which  supports  the  primary 
machine.  Its  lower  extremities  rest,  like  those  of  the  primary 
magnets,  on  two  iron  masses  T,  T,  separated  by  a  mass  of  brass  i; 
and  a  second  Siemens'  armature  F,  of,  large  size,  revolving  within 
this  system,  furnishes  the  currents  which  are  utilized  externally. 

Wilde's  machine  produces  calorific  and  luminous  effects  of  remark- 
able intensity ;  but  the  speed  of  rotation  required  is  very  great,  being 
sometimes  1500  revolutions  a  minute  for  the  large,  and  2000  for  the 
small  armature.  This  great  speed  involves  serious  inconveniences; 
and  the  machine  does  not  appear  to  have  been  used  for  lighthouses, 
or  other  practical  purposes. 

Wilde's  principle  can  be  carried  further.  The  current  of  the  second 
armature  can  be  employed  to  animate  a  second  electro-magnet  of 
greater  power  than  the  first,  with  a  third  Siemens'  armature  revolving 
between  its  poles.  This  has  actually  been  done  by  Wilde.  By 
means  of  the  current  from  this  triple  machine,  driven  by  15  horse- 
power, the  electric  light  was  maintained  between  two  carbons  as 
thick  as  a  man's  finger,  and  a  bar  of  platinum  2  feet  long  and  a 
quarter  of  an  inch  in  diameter  was  quickly  melted. 

This  system  of  accumulation  could  probably  be  carried  several 
steps  further,  but  always  with  the  expenditure  of  a  proportionately 
large  amount  of  energy  in  driving  it  In  no  magneto-electric 
machine  can  the  electrical  energy  obtained  exceed  the  mechanical 
energy  expended  in  producing  it. 

625.  Accnmnlation  by  Mutual  Action:  Siemens'  and  Wheatstone's 
Machine. — Siemens  and  Wheatstone  nearly  simultaneously  proposed 
the  construction  of  a  magneto-electric  machine  in  which  the  induced 
currents  are  made  to  circulate  round  the  soft-iron  magnet  which  pro- 
duced them.  Iron  has  usually  some  traces  of  permanent  magnetism, 
espedaUy  if  it  has  once  been  magnetized.  This  magnetism  serves 
to  induce  very  feeble  currents  in  a  revolving  armature.  These  cur- 
rents are  sent  round  the  iron  magnet,  thus  increasing  its  magnetiza- 
tion. This  again  produces  a  proportionate  increase  in  the  induced 
currents ;  and  thus,  by  a  successive  alternation  of  mutual  actions, 
very  intense  magnetization  and  very  powerful  currents  are  speedily 
obtained.     In  the  machine  as  exhibited  by  Siemens  in  1867,  the 
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curi'ent  was  diverted  into  an  extei-DaJ  circuit,  at  regular  intervalf^  hy 
an  automatic  arrangemeiit. 

626.  Ladd'B  Uaobine. — Ladd  in  1S67  constructed  a  machine  ba^ed 
on  the  principle  of  mutual  action  just  described;  but,  instead  of 
utilizing  the  current  by  occaaonal  interruptions,  he  employed  a 
second  revolving  armature  whose  coil  was  in  permanent  connection 
with  the  external  circuit 

B,  B'  (Fig.  560)  are  two  plates  of  iron  surrounded  by  coila  which 
are  connected  at  the  right-hand  end  so  as  to  form  but  one  circuit. 
The  other  ends  are  attached  to  two  binding-screws  connected  with 
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the  ends  of  the  coil  of  a  Siemens'  armature  a'.  The  direction  of 
winding  of  the  two  large  coils  BB'  is  the  same  as  for  a  horae-sboe 
magnet,  so  that  the  two  poles  at  either  end  are  of  opposite  sign. 
The  ends  of  the  cores  are  let  into  masses  of  soft  iron  M  M,  N  N, 
between  which  two  armatures  a  a'  rotate.  The  coil  of  the  armature  a 
is  connected  with  the  external  circuit  containing,  for  example,  two 
carbon  points  for  exhibiting  the  electric  light. 

On  the  principle  of  mutual  action,  the  electro-magnets  B,B',  which 
we  may  suppose  to  have  at  first  only  a  trace  of  magnetism,  are  soon 
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raised  to  very  intense  ra^netization  by  tbe  rapid  rotation  of  the 
urmature  a',  and  as  long  as  the  rotation  continues,  the  magnetization 
18  maintained.  The  rapid  rotation  of  the  other  armature  a  between 
the  poles  thus  strongly  excited,  produces  a  very  powerful  current 
which  can  be  utilized  externally. 

Ruhmkorffhas  modified  the  arrangemeut  by  using  a  aingle  rotating 
nrmature  with  two  coils  wound  upon  it,  one  of  them  being  connected 
with  the  electro-magnet,  and  the  other  with  the  external  circuit 

The  efficiency  of  machines  of  this  description,  regarded  aa  means 
for  the  transformation  of  mechanical  into  electrical  energy,  is  un- 
doubtedly very  considerable ;  nevertheless  it  is  not  perfect,  a  large 
amount  of  energy  being  wasted  in  generating  beat.  On  account  of 
tlie  high  velocity  necessary  for  efficient  working,  and  the  small  uze 
of  the  apparatus  in  comparison  with  the  currents  obtained,  the  eleva- 
tion of  temperature  is  often  so  great  as  to  prove  a  source  of  much 
annoyance. 

626a.  WheatBtone'B  Telegraphic  CmrentB. — In  Wheatstone's  Univer- 
sal Telegraph,   which  has  been  partially  described  in  a  previous 
chapter,  the  magneto-electric  currents  which  give  the  signals  are 
produced  by  causing  a  small  flat  bar  of  soft  iron  to  rotate  rapidly 
before  the  poles  of  a  steel  borse-shoe  magnet,  which  has  two  con- 
nected coils  of  wire  wound  upon  it  in  the  same  manner  as  upon 
electro-magnets.     It  is  in  these  coils  that  the  currents  are  generated, 
the  iron  bar  being  a  temporary  mi^et,  and  thus  influencing  the  coUs 
nearly  in  the  same  manner  as  if  it  were  a  permanent  magnet.     A 
current  is  induced  in  one  direction  as  it  approaches  the  poles,  and  in 
the  opposite  direction  as  it  recedes 
from  them,  so  that  altogether  four 
currents  are   generated  in  each 
complete  revolution.    On  account 
of  the  lightness  of  the  bar,  it 
can  be  rotated  with  great  rapi- 
dity. 

637.  Arago's  Botationa. — Fara- 
day successfully  applied  his  dis- 
covery of  magneto-electric  indue-  ■  j^  Bsi._A™eo-,  rouuou 
tion  to  account  for  a  phenomenon 

first  observed  by  Arago  in  1824,  and  subsequently  investigated  by 
Babbage  and  Sir  John  HerscheL     A  horizontal  disc  of  copper  &  &, 
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placed  in  the  interior  of  a  box,  is  set  in  rapid  rotation  by  turning  a 
handle.  Just  over  the  copper  disc,  but  above  the  thin  plate  which 
forms  the  top  of  the  box,  a  magnetized  needle  aa  is  balanced  horizon- 
tally. When  the  disc  is  made  to  rotate,  the  needle  is  observed  to 
deviate  from  the  meridian  in  the  direction  of  the  rotation.  When 
the  speed  of  rotation  exceeds  a  certain  limit,  the  needle  is  not  only 
deflected,  but  carried  round  in  continuous  rotation  in  the  same 
direction  as  the  disa 

The  explanation  is  to  be  found  in  the  currents  which  are  induced 
in  the  disc  by  its  motion  in  the  vicinity  of  the  magnetized  needle 
The  forces  between  these  currents  and  the  needle  are  (by  Lenz's  law) 
such  as  to  urge  the  disc  backwards ;  and,  from  the  universal  relation 
which  subsists  between  action  and  reaction,  they  must  be  such  as  to 
urge  the  needle  forwards;  hence  the  motion.  The  direction  of  the 
induced  current  at  any  instant  is  in  fact  along  that  diameter  of  the 
disc  which  is  directly  under  the  needle,  the  circuit  being  completed 
through  the  lateral  portions  of  the  disc ;  and  it  is  evident  that  a 
current  thus  flowing  parallel  to  the  needle  underneath  it  tends  to 
produce  deflection.  If  the  continuity  of  the  disc  is  interrupted  by 
radial  slits,  the  observed  effect  is  considerably  weakened  inasmuch 
as  the  return  circuit  is  broken.  Faraday  succeeded  in  directly 
demonstrating  the  existence  of  currents  in  a  disc  rotating  near  a 
flxed  magnet,  by  exploring  its  surface  with  the  amalgamated  ends 
of  two  wires  connected  with  a  galvanometer. 

The  experiment  performed  by  Arago  may  be  reversed  by  setting 
the  magnet  in  rotation,  and  observing  the  effect  produced  on  the 
disa  The  latter,  if  delicately  suspended,  will  be  found  to  rotate  in  the 
same  direction  as  the  magnet.  This  experiment  was  first  performed 
by  Babbage  and  HerscheL  Its  explanation  is  identical  with  that 
just  given.  In  both  cases  the  induced  rotation  must  be  slower  than 
that  of  the  body  turned  by  hand,  as  the  existence  of  the  induced 
currents  depends  upon  the  motion  of  the  one  body  relative  to  the 
other. 

When  an  iron  disc  is  used  instead  of  a  copper  one,  magnetism  is 
induced  in  the  portions  which  pass, under  the  poles  of  the  magnet; 
and  as  this  requires  a  sensible  time  for  its  disappearance,  there  is 
always  attraction  between  the  poles  of  the  needle  and  the  portions  of 
the  disc  which  have  just  moved  past  The  needle  is  thus  drawn 
forwards  by  magnetic  attraction,  and  the  observed  effect  is  similar  to 
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that  obtained  with  the  copper  disc^  though  the  cause  ^  is  altogether 
different 

627a.  Copper  Dampers. — Precisely  similar  to  the  above  is  the 
explanation  of  the  utility  of  a  copper  disc  in  checking  the  vibrations 
of  a  magnetized  needle  under  which  it  is  fixed.  As  the  needle  swings 
to  either  side,  its  motion  induces  currents  in  the  copper  which  urge 
the  needle  in  the  opposite  direction  to  that  in  which  it  is  moving. 
When  it  rests  for  an  instant  at  the  extremity  of  its  swing,  the  cur- 
rents cease ;  and  as  soon  as  it  begins  to  return,  the  currents  again 
resist  its  motion.  A  copper  plate  thus  used  is  called  a  damper,  and 
the  vibrations  thus  resisted  and  destroyed  are  said  to  be  damped. 
The  name  is  applied  to  any  other  means  for  gradually  destroying 
vibrations,  and  is  probably  based  on  the  analogy  between  this  action 
and  the  steadpng  action  of  a  liquid  upon  a  suspended  body  immersed 
in  it 

The  resistance  which  induced  currents  appose  to  the  motion  pro- 
ducing them  is  well  illustrated  by  Faraday  s  experiment  of  the  copper 
cube,  A  cube  of  copper  is  suspended  by  a  thread,  and  set  spinning 
by  twisting  the  thread  and  then  allowing  it  to  untwist  If,  while 
spinning,  it  is  held  between  the  poles  of  a  powerful  magnet,  like  that 
represented  in  Fig.  432,  it  is  instantly  brought  to  rest  If  the  poles 
are  brought  very  near  together,  so  as  to  heighten  the  intensity  of  the 
field,  and  a  thin  sheet  of  copper  is  inserted  between  them  and  moved 
rapidly  in  its  own  plane,  the  operator  feels  its  motion  resisted  by 
some  invisible  influence.  The  sensation  has  been  compared  to  that 
of  cutting  cheese.  Foucault's  apparatus  for  the  heating  of  a  copper 
disc  by  rotating  it  between  the  poles  of  a  magnet  (§  356),  is  another 
illustration  of  the  same  principle.  In  all  cases  where  induced  cur- 
rents are  generated,  and  are  not  called  upon  to  perform  external 
work,  they  yield  their  fuU  equivalent  of  heat 

The  advantage  of  employing  copper  in  experiments  of  this  kind 
arises  from  its  superior  conductivity,  to  which  the  induced  currents 
are  proportional. 

628.  mectro-medical  Machines. — The  application  of  electricity  is 
often  resorted  to  for  certain  nervous  affections  and  local  paralyses. 
Many  different  forms  of  apparatus  are  employed  for  this  purpose. 

^  That  ie  to  say,  the  main  cause;  for  there  must  be  induced  cuirents  in  the  iron  as  well 
as  in  the  copper,  though  inferior  in  strength,  on  account  of  the  inferior  conductivity  of  the 
former  metal. 
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One  of  the  most  convenient  is  represented  in  Fig.  562.  Two  small 
coils  connected  with  each  other,  and  fumisbed  with  a  vibrating 
contact-breaker,  are  traversed  l>y 
the  current  irom  a  miniature  bat- 
tery. The  coils  are  surrounded  by 
liollow  cylinders  of  copper  or  brass, 
in  which  induced  currents  are  gen- 
erated as  often  as  the  current  in  the 
coils  is  established  or  interrupted. 
This  action  diminishes  tbe  ener^ 
of  the  extra-currents  on  which  the 
shock  depends,  and  tbe  opemtor  can 
accordingly  regulate  its  strength  at 
pleasure  by  sliding  the  cylinders  on 
or  off. 

626a.  Caation  ngsi&ing  Lines  of 

Force. — After  the  very   extensive 

use  which  has  been  made  in  this 

volume  of  lines  and  tubes  of  force, 

Rg,  s«a.-Ki«ta>-mMi«i  Kui.[.A  ^^  think   it  right  to  caution  the 

reader  against  supposing  tbat  these 

conceptions  depend  upon  any  doubtful  hypothesis.     They  merely 

serve,  like  meridians  and  parallels  of  latitude,  to  map  out  space  in  a 

mode  convenient  for  the  statement  of  physical  laws. 


APPENDIX. 


ON    ELECTRICAL  AND   MAGNETIC   UNITS. 

(1).  The  numerical  value  of  a  concrete  quantity  is  its  ratio  to  a 
particular  unit  of  the  same  kind;  the  selection  of  this  unit  being 
always  more  or  less  arbitrary. 

(2).  One  kind  of  quantity  may,  however,  be  so  related  to  two  or 
more  others,  as  to  admit  of  being  spex;ified  in  terms  of  units  of  these 
other  kinds.  For  example,  of  the  three  kinds  of  quantity,  called  dis- 
tance (or  length),  time,  and  velocity,  any  one  is  capable  of  being 
expressed  in  terms  of  the  other  two.  Velocity  can  be  specified  (as 
regards  amount)  by  stating  the  distance  passed  over  in  a  specified 
time.  Distance  can  be  specified  by  stating  the  velocity  required  for 
describing  it  in  a  specified  time,  and  time  can  be  specified  by  stating 
the  distance  described  with  a  specified  velocity. 

Force,  distance,  and  work  are  in  like  manner  three  kinds  of  quan- 
tity, of  which  any  two  are  just  suflScient  to  specify  the  third. 
.  (3).  Calculation  is  greatly  facilitated  by  employing  as  few  original 
or  underived  units  as  possibla  These  should  be  of  kinds  admitting 
of  easy  and  accurate  comparison;  and  all  other  units  should  be 
derived  from  them  by  the  simplest  modes  of  derivation  wliich  are 
available. 

(4).  Velocity  is  proportional  directly  to  distance  described,  and 
inversely  to  the  time  of  its  description ;  and  is  independent  of  all 
other  elements.     This  is^expressed,  by  saying  that  the  dimensions 

of  velocity  are  -j^;^  or  -^^. 

Again,  if  we  define  the  unit  of  velocity  to  be  that  with  which  unit 
distance  would  be  described  in  unit  time^  the  real  magnitude  of  the 
unit  of  velocity  will  depend  upon  the  units  of  length  and  time 
selected,  being  proportional  directly  to  the  real  magnitude  of  the 
former,  and  inversely  to  the  real  magnitude  of  the  latter.     This  is 
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expressed  by  saying  that  the  dimenaiona  of  the  unit  of  velocity  are 
-^^.     Both  forms  of  expression  are  convenient;    and   the  ideas 

which  they  are  intended  to  express  are  logically  equivalent 

(5).  All  electrical  and  magnetic  units  can  be  derived  from  units  of 

length,  mass,  and  time.     We  shall  denote  length  by  I,  mass  by  wi, 

and  time  by  t 

(6).  The  unit  of  velocity  is  the  velocity  with  which  unit  length  is 

described  in  unit  time.     Its  dimensions  are  j- 

(7).  The   unit  of  accelei^ation  is    the   acceleration    which  gives 

unit  increase  of  velocity  in  unit  tima     Its  dimensions  are  ^^^ 

I 
or  J,' 

(8).  The  unit  force  is  that  which  acting  on  unit  mass  produces  unit 
acceleration.     Its  dimensions  are  mass  X  acceleration,  or  -j^. 

(9).  The  unit  of  work  is  the  work  done  by  unit  force  working 
through  unit  length.     Its  dimensions  are  force  X  length,  or  — i-. 

(10).  The  unit  o{  kinetic  energy  is  the  kinetic  energy  of  two  units 
of  mass  moving  with  unit  velocity  (according  to  the  formula  J  wv*). 

Its  dimensions  are  mass  X  (velocity)*,  or  ^,  and  are  the  same  as  the 

dimensions  of  work.  It  might  appear  simpler  to  make  it  the  energy 
of  one  unit  of  mass  moving  with  unit  velocity ;  but  if  this  change 
were  made,  it  would  be  necessary  either  to  halve  the  unit  of  work, 
or  else  to  make  kinetic  energy  double  of  the  work  which  produced 
it.  Either  of  these  alternatives  would  involve  greater  inconvenience 
and  complexity  than  the  selection  made  above. 


UNITS   OF  STATICAL  ELECrRICITY. 

(1 1).  Let  q  denote  quantity  of  electricity  measured  statically,  so 
that  the  mutual  repulsion  of  two  equal  quantities  q  at  distance  I,  is 

p.     This  being  equal  to  a  force,   the  dimensions  of  q^  must  be 

78  in.  4  Z  I 

(length)^  X  force,  or  -^,  and  the  dimensions  of  q  must  be  -y-* 

(12).  Let  V  denote  difference  of  potential.     Then  the  work  re- 
quired to  raise  a  quantity  q  through  a  difference  of  potential  V. 

is  aV.     The  dimensions  of  V  are  therefore  ^^,  or  ^  — ^_,  or 


ELECTBO-STATIC   UK  ITS.  781 

— y-.     The  dimensions  of  Dotential  are  of  course  the  same  as  those  of 

difference  of  potential. 

(13).  The  capacity  of  a  conductor  is  the  quotient  of  the  quantity 
of  electricity  with  which  it  is  charged,  by  the  potential  which  this 
charge*  produces   in  the   conductor.     The  dimensions   of  capacity 

are  therefore  —j~  -  ^j7|,  or  simply  Z.     In  fiict,  as  we  have  seen 
(§  4!4!5m),  the  capacity  of  a  spherical  conductor  is  equal  to  its  radius. 


MAGNETIC  AND  ELECTRO-MAGNETIC   UNITS. 

(1 4).  Let  P  denote  the  numerical  value  of  a  pole  (or  the  strength 
of  a  pole).     Then,  since  two  equal  poles  P  at  distance  I  repel  each 

other  with  the  force  ^-j,  which  must  be  of  the  dimensions  yV,  the 

dimensions  of  P  are     ^    . 

(15).  Let  I  denote  the  intensity  of  a  magnetic  ,^62d[.  Then,  a  pole 
P  in  this  field  is  acted  on  with  a  force  P  I.     This  must  be  of  the 

dimensions   ^a.      Hence,   the   dimensions   oi    1   are    ^a  •  ^^jjj,   or 

iht' 

(16).  Let  M  denote  the  moTnent  of  a  magnet.  Since  it  is  the 
product  of  the  strength  of  a  pole  by  the  distance  between  two  poles, 

its  dimensions  are  -y— . 

(17).  Intensity  of  magnetization  is  the  quotient  of  moment  by 

volume.     Its  dimensions  are  therefore  ^,  or  ^Yt     These  are  the  same 

as  the  dimensions  of  intensity  of  field. 

(18).  When  a  magnetic  substance  is  placed  in  a  magnetic  field,  it 
is  magnetized  by  induction ;  and  each  substance  has  its  own  specific 
co-effi/yient  of  'magnetic  induction  (constant,  or  nearly  so,  when  the 
field  is  not  excessively  intense),  which  expresses  the  ratio  of  the 
intensity  of  the  induced  magnetization  to  the  intensity  of  the 
field.  For  diamagnetic  substances,  this  co-eflScient  is  negative, 
that  is  to  say,  the  induced  polarity  is  reversed,  end  for  end,  as 
compared  with  that  of  a  paramagnetic  substance  placed  in  the 
same  field. 

(19).  The  work  required  to  move  a  pole  P  from  one  point  to 
another,  is  the  product  of  P  by  the  difference  of  the  magnetic  poten- 
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iials  of  the  two  points.     Hence,  the  dimensions  of  magnetic  poten- 
tud  are  -^  ;;^.  or     ^-  . 

(20).  A  current  C  flowing  along  a  circular  arc,  produces  at  the 
centre  of  the  circle  an  intensity  of  field  equal  to  C  multiplied  by 
length  of  arc  divided  by  square  of  radiu&     Hence,  C  divided  by  a 

length  is  equal  to  a  field-intensity,  the  dimensions  of  which  are  ^^ 

mi  Ih 

and  the  dimensions  of  C  are  -^  -. 

(21).  The  quantity  Q  of  electricity  conveyed  by  a  current  is  the 
product  of  the  current  by  the  time  that  it  lasts.  Its  dimensions  are 
therefore  miii 

(22).  The  work  done  in  urging  a  quantity  Q  by  an  electro-motive 

force  E  is  E  Q,  hence  the  dimensions  of  electro-Tnotive  fofxe  are  ^ 

^^jj-^  or  — ^ ;  and  as  electro-motive  force  is  difference  of  potential, 

these  are  also  the  dimensions  of  potential 

(23).  The  capacity  of  a  conductor  is  the  quotient  of  quantity  of  eleo- 

t* 
tricity  by  potential;  its  dimensions  are  therefore -2. 

(24).  The  resistance  B  of  a  circuit  is,  by  Ohm's  law,  equal  to  ^ 

Its  dimensions  are  therefore  — ^  ^jj^  or  -j,  and  are  the  same  as  the 

dimensions  of  velocity. 

(25).  On  comparing  the  dimensions  of  the  same  element  as  mea- 
sured according  to  the  two  systems,  it  will  be  observed  that  they 
are  not  identical  The  dimensions  of  quantity  of  electridtj^  for 
example,  in  the  first  system,  are  to  its  dimensions  in  the  second,  as 
Z  to  ^ ;  and  the  dimensions  of  capacity  are  as  ?  to  ^.  Accordingly, 
the  ratio  of  the  electro-static  to  the  electro-magnetic  unit  of  quantity 
is  equal  to  a  length  divided  by  a  time ;  that  is  to  say,  is  equal  to  a 
velocity.  From  experiments  in  which  the  same  quantity  of  electri- 
city was  measured  both  statically  and  magnetically,  it  appears  that 
this  ratio  is  in  fact  identical  with  the  velocity  of  light.  Professor 
Clerk  Maxwell  maintains  that  light,  electricity,  and  magnetism  are 
all  affections  of  one  and  the  same  medium ;  that  light  is  an  electro- 
magnetic phenomenon,  and  that  its  laws  can  be  deduced  from  those 
of  electricity  and  magnetism. 

Notwithstanding  this  difference  of  dimensions,  two  quantities  of 
electricitywhich  are  equal  when  compared  statically,  are  also  equal 
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when  compared  magnetically ;  or  if  one  be  double  of  the  other  when 
compared  statically^  it  will  also  be  double  of  the  other  when  compared 
magnetically. 

(26).  An  illustration  from  a  somewhat  more  familiar  department 
may  assist  the  reader  in  convincing  himself  that  it  is  possible  for  one 
aod  the  same  kind  of  quantity  to  have  different  dimensions  according 
to  the  line  of  derivation  employed.  It  is  well  known  that  uniform 
spheres  attract  each  other  with  a  force  which  is  directly  as  the  pro- 
duct of  their  masses,  and  inversely  as  the  square  of  the  distance 
between  their  centrea     If  this  law  were  made  to  furnish  the  unit  of 

force,  the  dimensions  of  force  would  be^,  instead  of  ^,  as  pre- 
viously found.  The  ambiguity  depends  partly  on  the  fact  that  I  in 
the  one  formula  denotes  distance  between  attracting  centres,  and  in 
the  other  distance  moved  over.  It  is  only  when  the  mode  of  deriva- 
tion is  distinctly  specified,  or  is  too  obvious  to  need  specification, 
that  the  dimensions  of  a  quantity  admit  of  being  determinately  stated. 
As  the  definition  of  a  derived  unit  necessarily  involves  a  specification 
of  the  mode  of  its  derivation,  there  is  |ome  advantage  in  speaking  of 
the  dimensions  of  a  unit,  rather  than  of  the  dimensions  of  the  quan- 
tity which  the  unit  serves  to  measure. 

(27).  Derived  units  are  often  called  absolute  units;  but  it  seems  an 
abuse  of  language  to  define  a  unit  by  its  relation  to  other  arbitrary 
units^  and  then  call  it  absolute. 
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